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Preface  to  Volume  III 


This  volume  contains  two  chapters,  covering  work  with  production  systems  in  the 
areas  of  natural  language  processing  and  game  playing.  Chapter  V  describes  a  program 
that  plays  a  simple  class  of  chess  endgames,  and  discusses  the  possibilities  of  using 
production  systems  for  chess  in  general.  Chapter  VI  describes  a  system  that  carries  on  a 
dialog  about  a  toy  blocks  world,  and  that  solves  a  class  of  problems  in  that  world  similar  to 
the  capabilities  of  Winograd's  system.  Each  chapter  has  an  abstract  and  a  detailed  table  of 
contents.  It  is  assumed  that  the  reader  has  some  familiarity  with  Volume  I  Of  this  report, 
which  discusses  the  goals  and  conclusions  of  the  thesis  as  a  whole,  and  which  introduces 
the  production  system  language  in  which  the  systems  in  this  volume  are  implemented.  The 
chapters  have  a  similar  organization,  starting  with  a  general  description  of  the  task 
performed  by  the  system,  and  proceeding  to  a  description  of  the  system  and  its  behavior. 
There  are  sections  that  discuss  issues  with  respect  to  the  task  itself  and  with  respect  to 
the  use  of  production  systems. 


Chapter  V 


KPKEG 

A  Production  System  for  King*Pawn>Kinc  Chess  Endgames 


Abstract.  KPKEG  ts  a  production  system  implementation  of  a  program  that  plays  chess 
endgames,  restricted  to  King  and  pawn  versus  King.  The  program  is  described  and  several 
examples  of  its  operation  are  discussed.  The  program’s  chess  knowledge  is  given,  and 
how  this  Knowledge  is  expressed  as  productions  is  described.  Experiments  with  KPKEG 
have  brought  out  several  features  of  the  principle  on  which  the  search  is  based  and  the 
chess  knowledge  organized,  the  strategy  hierarchy.  Features  of  the  productions  and  how 
they  compare  with  a  Lisp  version  of  a  similar  program  bring  out  the  advantages  of  this 
implementation.  The  productions  lend  themselves  readily  to  extension  to  more  demartding 
chess  tasks. 
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A.  Introduction 


This  chapter  it  concerned  with  a  PS  program,  called  KPKEG  ({jjng  ^awn  l^ing 
sndgame),  for  playing  a  restricted  form  of  chess,  namely,  chest  endgames  in  which  a  king 
and  a  lone  pawn  of  one  color  are  opposed  by  a  lone  king  (hereafter,  the  subset  of  chess 
with  king  and  pawn  versus  king  will  be  abbreviated  K-P-K).  Although  chess  is  a 
specialized  area  of  AI,  and  is  probably  a  suitable  domain  only  for  chess  experts  (which  1 
am  not),  it  will  still  be  useful  for  the  present  thesis  for  the  following  reasons.  As  Berliner 
(1973)  has  argued,  the  classical  heuristic  search  approach  to  chest  hat  fundamental 
limitations,  which  have  been  observed  empirically  in  performance  and  theoretically  by 
Berliner  on  the  basis  of  critical  situations  in  which  the  search  techniques  appear  to  be 
hopelessly  inappropriate.  Consequently  there  has  been  a  shift  in  emphasis  towards 
bringing  to  bear  more  of  the  Kinds  of  chess  knowledge  used  by  human  players.  Since  PSs 
are  being  put  forth  as  useful  tools  in  encoding  problem-solving  knowledge,  it  is  reasonable 
to  do  preliminary  experiments  along  the  lines  here.  In  addition,  even  a  restricted  chess 
program  provides  an  easy  benchmark  for  comparison  with  other  control  structures,  since  a 
variety  of  other  programs  exist,  with  a  current  effort  using  Lisp  on  a  very  similar  chess 
domain. 

The  central  chess  concepts  behind  KPKEG  are  provided  by  Fine’s  (1941)  analysis  of 
K-P-K  endgames.  In  this  problem  area  there  are  a  reasonably  small  number  of  pieces  of 
knowledge  that  prove  to  be  adequate  for  correct  analysis.  That  is,  KPKEG  relies  heavily 
on  the  use  of  patterns  of  chess  pieces  and  much  less  on  a  search  of  possible  move 
sequences  leading  to  a  win  or  draw.  Patterns  are  used  both  to  direct  the  program’s 
attention  to  effective  moves  and  to  evaluate  positions  reached  by  the  search.  The  search 
of  possible  variations  of  play  is  conducted  under  an  executive  scheme  called  a  strategy 
hierarchy,  developed  by  Berliner  (1975b)  as  appropriate  (at  least)  to  the  K-P-K  domain. 
The  strategy  hierarchy  in  KPKEG  consists  of  seven  levels  (to  be  described  in  more  detail 
presently),  each  of  which  has  associated  with  it  goals  and  move-generation  procedures  for 
attempting  to  achieve  the  goals.  The  principle  for  constructing  the  hierarchy  is  that  a 
lower  strategy  is  never  attempted  In  refuting  a  higher  one.  On  the  other  hand,  a  move 
that  attains  the  goal  of  a  higher  strategy  is  a  good  refutation  of  a  move  aimed  at  attaining 
the  goal  of  a  lower  strategy,  since  a  higher  strategy  is  globally  more  valuable  in  the  sense 
that  it  is  more  essential  to  achieving  the  best  game  outcome.  The  way  that  the  hierarchy 
is  used  to  generate  a  search  tree  of  moves  and  replies  is  that  at  the  top  level  a  player 
starts  by  trying  to  achieve  his  highest  strategy.  When  that  fails,  he  decreases  his 
strategy  level  and  tries  to  achieve  a  success  at  that  level.  The  opponent,  who  moves  at  a 
lower  depth,  tries  to  refute  the  top  strategy  by  first  trying  to  achieve  a  strategy  at  the 
same  level,  and  then  when  that  fails,  by  trying  moves  at  higher  strategic  levels.  The 
search  tree  is  generated  as  the  players  alternate  in  trying  to  refute  plays  at  higher 
depths,  until  a  position  known  to  be  a  win  or  a  draw  occurs. 

This  chapter  first  presents  KPKEG  in  detail.  Section  B,  and  describes  several 
experiments  that  exhibit  its  behavior.  Section  C.  Specific  issues  with  respect  to  PSs  are 
discussed  in  Section  0.  In  Section  E,  KPKEG  is  compared  to  a  similar  program  implemented 
In  Lisp,  with  particular  attention  to  the  use  of  PSs  to  achieve  the  control  structures  of  the 
Lisp  version.  Finally,  we  consider  whether  KPKEG  can  serve  as  a  solid  basis  for  further 
research,  which  Is  important  because  of  the  limited  aims  of  the  present  work. 
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B.  Th«  KPKEG  Program  in  Datail 

Tho  obJoctivM  of  oithor  plo/or  in  •  chess  game  with  only  two  kings  end  a  pawn  are 
limited.  The  player  with  only  a  king  must  achieve  stalement,  capture  the  pawn,  or  block  it 
from  its  promotion  square,  in  order  to  obtain  a  draw.  The  player  with  the  pawn  must 
promote  it  safely  while  avoiding  stalemate.  To  achieve  these  overall  strategic  objectives 
there  are  a  number  of  lesser  considerations,  such  as  controlling  the  square  in  front  of  the 
pawn,  forcing  the  enemy  king  in  some  direction,  gaining  the  opposition  (a  chess  term  to  be 
defined  below),  and  advancing  the  pawn.  These  objectives  have  been  formulated  in  KPKEG 
into  seven  levels,  each  assigned  a  corresponding  numerical  valua. 

7  Mate  (White)  or  capture  pawn  (Black) 

6  Queen  the  pawn  or  stalemate 

5  Advance  the  pawn  or  occupy  pawn’s  queening  square 

4  Control  the  pawn’s  path 

3  Defend  or  attack  the  pawn 

2  Restrict  (force)  the  enemy  king’s  move 

1  Any  other  move  (essentially  away  from  pawn  or  enemy  king) 

The  goal  for  the  program  then  becomes  to  execute  successfully  a  move  at  the  highest 
possible  strategy  level.  In  this  section  we  first  illustrate  how  such  a  move  is  arrived  at  in 
a  particular  example,  and  then  proceed  to  a  more  detailed  discussion  of  KPKEG 

ai.  A  simple  example  of  program  behavior 

The  position  that  we  will  examine  is  given  in  Figure  Gl,  and  the  complete  program 
behavior  trace  is  given  in  Appendix  0.  White  starts  out  trying  to  achieve  its  Nghest 
strategy,  which  is  to  move  the  pawn  onto  its  queening  square;  this  strategy  is  at  level  6  in 
KPKEG’s  hierarchy.  The  queening  square  is  E8  (using  the  program’s  algebraic  notation, 
which  is  indicated  in  the  figure)  and  the  pawn  is  at  E6,  so  this  fails  immediately.  White 
then  decreases  its  level  to  5,  where  the  objective  is  to  advance  the  pawn.  Black’s  level-5 
strategy  is  to  intercept  the  pawn,  preventing  its  advance.  White  advances  the  pawn  to  E7 
and  black  responds  C7-D7,  at  which  position  the  black  king  is  in  control  of  the  pawn  and 
Its  queening  square,  and  the  white  king  is  not  within  striking  distance,  so  that  White’s 
advance-pawn  strategy  can  make  no  further  moves.  Black’s  strategy  succeeds  because 
White  fails  to  respond,  and  this  success  is  a  refutation  of  White’s  top-level  move.  White 
has  no  other  ways  to  implement  its  level-^  strategy,  so  advancing  the  pawn  directly  is 
abandoned.  White  starts  over  at  the  initial  position  with  strategy  level  decreased  to  4, 
whose  objective  is  to  control  with  the  king  the  path  of  the  pawn's  advance.  Black’s 
corresponding  strategy  is  to  occupy  the  pawn’s  path  to  its  queening  square  (which  is  only 
slightly  different  from  its  level-5  strategy).  White  now  moves  its  king  E4-ES,  Black 
responds  C7-D8,  White  responds  E5-06,  and  black,  D8-E8  (see  Figure  Gl). 

Black’s  king  is  now  on  the  pawn’s  queening  square  (E8)  and  it  controls  the  square  in 
front  of  the  pawn  (E7),  so  that  White  can  go  no  further  with  its  strategy  to  control  the 
path  to  E8  from  E6.  Rather  than  giving  up  at  this  position,  White  increases  its  strategy 
level  -  Black  has  succeeded  at  level  4  but  that  may  not  be  strong  enough  to  refute  some 
of  the  higher-level  white  strategies.  White’s  attempt  at  level  5,  moving  the  pawn  from  E6- 
E7,  does  in  fact  lead  to  a  winning  position  for  White,  since  the  black  king  is  forced  to  move 
off  the  queening  square,  whereupon  the  white  king  can  move  to  control  it.  The  way  the 
program  actually  behaves  is  that  Black’s  strategies  fail  to  genarata  any  moves  (as  did 
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Figure  ai  Starting  and  intermediate  positions  tor  TESTli  White  to  move 


Whitens  strategy  at  level  5  in  the  first  segment  of  the  trace)  and  E6-E7  thus  succeeds. 
Black’s  move  preceding  E6-E7  fails,  and  the  search  proceeds  by  examining  alternatives  at 
that  point. 

This  has  described  about  two-thirds  of  the  first  column  of  the  behavior  trace  in 
Appendix  0  (up  to  number  11),  which  is  about  one-fourth  of  the  complete  search  that 
KPKEG  does  before  deciding  that  White’s  E4-E5  is  a  satisfactory  move.  The  primary 
characteristic  of  the  program’s  search  has  been  illustrated:  it  searches  in  a  very  restricted 
fashion  according  to  a  predetermined  ordering  of  strategies,  evaluating  positions  in  the 
light  of  the  strategic  objectives  currently  in  effect.  That  is,  move  attempts  are  generated 
only  when  they  are  deemed  relevant  to  achieving  success  of  a  strategy,  and  the 
determination  of  what  strategy  is  in  effect  depends  bn  the  strategy  behind  the  previous 
move  or  on  maximizing  the  outcome  of  the  position  at  the  top  level.  We  now  proceed  to 
give  more  detail  on  KPKEG’s  internal  structure. 


The  Ps  of  KPKEG  are  divided  into  six  main  groups:  the  strategy  executive  (Ps  whose 
nemes  start  with  S);  Ps  for  updating  the  internal  representation  of  the  board  (Q  Ps);  means 
for  implementing  move  strategies  (M  Ps);  strategies  for  White,  or  more  generally  the 
player  who  has  the  pawn  (W  Ps);  strategies  for  Black  (B  Ps);  and  the  initialization  for 
example  problems  (X  Ps).  The  strategy  executive  maintains  information  pertaining  to  the 
state  of  the  tree  search  and  the  current  strategy  level.  It  also  includes  a  set  of  Ps  that 
recognize  various  patterns  Known  to  be  wins  or  draws.  The  executive  evokes  the  White 
and  Black  strategies,  and  uses  the  moves  that  they  generate  to  carry  the  tree  search 
forward.  It  uses  the  updating  Ps  to  make  the  transition  from  one  ni^e  in  the  tree  to 
another.  The  strategy  Ps  generate  move  candidates  directly  or  generate  more  abstract 
descriptions  of  what  they  intend,  which  are  then  converted  to  move  candidates  by  the 
means  Ps.  We  turn  now  to  a  more  detailed  look  at  the  set  of  Ps  in  which  most  of  the 
program  control  is  embodied,  the  strategy  executive.  Incidental  details  of  the  other  Ps  are 
brought  out,  but  fuller  detail  is  postponed  until  the  following  subsectioa 

The  VAPs  (very  abstract  Ps)  of  Figure  B.2  represent  the  main  features  of  the 
strategy  executive  and  of  the  other  Ps  as  they  appear  to  it.  As  the  reader  will  recall  from 
Chapter  IV,  underlining  is  used  in  VAPs  to  denote  super-conditions  and  super-actions, 
which  represent  sets  of  condition  or  action  elements,  or  the  condensed  result  of  many  P 
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az 


t  SE's:  Strategy  Executive  VAPs;  55  actual  Ps  t 
SEl:  findmove  ->  initialize  A  aelect-strategy-move  &  check-strategy-reaulti 
SE2:  check-strategy>resuit  &  strategies-exhausted  &  not  ievels-exhauated 

->  chenge-strategy-level  A  select-strategy-move  A  check-strategy-reautti 
SE3t  check-atrategy-result  A  strategies-exhausted  A  levels-exhausted 
->  record-position  A  succeed -strategv-at -previous -deothi 
SE4t  best-move-candidate  ->  make-move  A  check-terminal-position  A  check-move-resulti 
SE5:  check-terminal-position  A  rtot  terminal-position  A  not  maximum-deoth 
->  select-strategy-move  A  check-strategy-result: 

SE6:  check-terminal-position  A  terminat-position-oattern  ->  terminal-win; 

SE7:  check-terminal-position  A  maximum-deoth  A  not  terminal-position 
->  static-eval-strategy: 

SE8:  terminal-win(self)  OR  succeed-strategy  ->  refute-strategv-at-previous-depth: 

SE9:  terminal-win<opponent)  ->  succeed-strategy-at-previous-deotht 
SEIO:  check-move-result  A  refuted 

->  retract -move  A  continue-to-trv-move-candidates-and-strategiesi 
SEll:  check-move -result  A  succeed  A  not  depth-1 

->  retract-move  A  refute-strategv-at -previous -depth-. 

SEl  2:  check-move-result  A  succeed  A  depth-1  ->  make-actual-olavi 
SE13:  record-position  A  position-before-making -successful-move 
->  build-P-te-recQgnize-as-terminal-DOsition 

A  build-P  -to-recommend-trving-move-if-position-recurs-at 
-greater  -deoth-or  -at  -depth- 1 ; 

X  US's:  Updating  Board  for  moves;  19  Ps  X 
UBl:  make-move  A  move-tvoe  A  location’s  A  controls’s  ->  location’s  A  controls’s; 

UB2:  retract-move  A  move-tvoe  A  location’s  A  controls’s  ->  location’s  A  controls’s; 

t  MMC’s:  Means  to  Move  Candidates;  18  Ps  X 
MMCl:  means -signal  A  properties-relevant-to-desired-moves  ->  move-candidate’st 

X  WBS’s:  White  and  Black  Strategies;  44  Ps  7. 

WBSl:  select-strategy-move  A  board-pattern  ->  means-signal’s  OR  move-candidate*S| 
WBS2:  select-strategy-move  A  board-pattern  ->  succeed-strategy; 

VVBS3:  static-evel-strategy  A  board-pattern  ->  terminal-win; 

X  TX’s;  Test  Examples;  5  Ps  for  3  tests  7. 

TXl:  test-signal  ->  initialize  A  controls’s  A  location’s; 

Figure  B.2  VAPs  for  KPKEQ 


firings.  Elements  of  VAPs  that  are  not  underlined  correspond  to  actual  program  elements, 
and  behave  similarly  with  respect  to  the  way  Psnist  considers  events  to  be  ordered. 

Using  the  VAPs  we  can  follow  the  example  in  Section  B.1  in  erwugh  deteii  to  see  the 
way  the  program  works.  At  the  beginning  of  TESTl,  the  user  asserts  a  signal  that  fires 
the  equivalent  of  TKl,  which  sets  up  the  board  situation.  Then  another  user  signal, 
"findmove",  fires  SEl  which  initializes  the  strategy  executive  and  starts  the  search  process 
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by  asaerting  "select-strategy-move".  As  discussed  above  White  starts  out  trying  to 
achieve  its  highest-level  strategy;  the  level  of  strategy  being  sought  is  set  by  the 
initialization  in  SEl.  The  VAPs  that  respond  to  "select-strategy-move"  are  the  WBS’e, 
which  generate  move  candidates  or  recognize  success  based  on  board  patterns.  In  the 
present  case  none  of  the  WBS’s  fires,  since  the  level  6  strategy  for  White  is  to  move  its 
pawn  onto  the  eighth  rank.  Nothing  responds  to  "select-strategy-move",  so  that  the 
"check-strategy-result"  signal  from  SEl  is  examined,  according  to  the  conditions  in  SE2 
and  SE3.  The  situation  is  that  the  strategies  at  level  6  are  exhausted  but  that  the  other 
levels  haven't  been  tried  yet  so  that  SE2  is  true,  causing  the  level  to  be  decremented  to  5 
and  again  asserting  the  "select-strategy-move"  signal. 

This  time  the  strategy  is  to  advance  the  pawn,  and  a  move-candidate  (E6-E7)  is 
asserted  by  an  instance  of  WBSl.  SEA  represents  the  selection  of  a  move-candidate  from 
a  set  of  them.  UBl  responds  to  the  "make-move"  signal  from  SEA,  updating  the  board 
according  to  the  nature  of  the  move  (i.e.,  whether  a  king  or  pawn  is  moving,  and  the 
direction  of  the  move).  The  "check-terminal-position"  from  SEA  evokes  the  testing  of  the 
patterns  represented  by  SE5,  SE6,  and  SE7;  those  are  patterns  for  the  small  number  of 
known  won  or  drawn  positions  for  K-P-K  endgames.  In  the  present  example,  SE5  is 
appropriate,  and  sets  up  the  strategy  selection  for  Black,  who  must  respond  to  White’s 
pawn  advance.  The  program  goes  through  the  sequence  represented  by  WBSl,  SEA,  UBl, 
and  SE5.  Black  has  moved  its  king  to  D7,  and  White’s  advance-pawn  and  queen-pawn 
strategies  (instances  of  WBSl)  recognize  that  further  moves  are  no  good,  so  that  SE2 
fires,  and  then  SE3  becomes  true  when  no  response  to  "select-strategy-move"  is  made. 
Notice  that  only  strategies  not  less  than  level  5  are  considered  by  White,  in  accord  with 
the  strategy  hierarchy  principle  -  trying  a  weaker  strategy  to  refute  a  stronger  one 
makes  no  sense. 

SE3  first  causes  the  position  before  Black’s  move  to  D7  to  be  recorded  as  a  known 
success  (via  SE13).  Then  the  strategy  at  the  previous  depth,  namely  the  one  that 
proposed  the  move  to  07,  is  made  to  succeed.  The  success  is  noted  by  SEll,  which  uses 
the  "check-move-result"  signal  asserted  by  SEA  when  the  move  was  selected.  SEll  takes 
back  the  successful  move,  evoking  US2  to  restore  the  board,  and  signals  that  the  move  at 
the  previous  depth  is  refuted.  SEIO  responds  to  the  "refuted"  signal,  using  the  "check- 
move-result"  that  was  asserted  when  E6-E7  (advancing  the  pawn)  was  selected  by  SEA. 
Generally,  after  a  move  is  retracted  by  SEIO  via  UB2,  other  move  candidates  are  tried 
(SEA),  other  strategies  at  the  same  level  are  tried  (imagine  a  "select-strategy-move"  re¬ 
asserted  by  the  super-action  of  SEIO),  or  SE2  and  SE3  take  effect.  In  our  example.  White 
abandons  the  attempt  to  advance  the  pawn,  its  level  is  decreased  to  A,  and  the  search 
continues  in  a  similar  fashion. 

We  now  touch  on  a  few  points  about  the  VAPs  in  Figure  B.2  that  were  not  brought 
out  by  the  above.  The  treatment  of  terminal  patterns  recognized  by  instances  of  SE6  is 
accordirtg  to  one  of  the  two  procedures  represented  by  5E8  and  SE9.  Recall  that  "check- 
terminal-position”  is  examined  immediately  when  a  new  position  is  created  in  the  search, 
so  that  the  "succeed"  or  "refuted"  signal  to  the  previous  strategy  will  occur  before  any 
other  strategies  are  attempted  at  that  new  position.  The  terminal  positions  recognized  by 
SE6  are  general,  as  opposed  to  successes  of  particular  strategies  as  represented  by  WBS2 
-  the  result  in  either  case  is  similar,  though.  A  different  kind  of  terminal  position  leading 
to  the  "terminal-win"  signal  in  some  cases  is  the  maximum  depth  condition.  Presently  the 
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maximum  depth  is  9,  and  when  the  search  is  9  plies  deep,  SE7  fires  (if  the  position  is  not 
terminal  in  any  other  sense),  asserting  “static-eval-strategy".  If  board  conditions  are 
right,  in  a  rather  optimistic  evaluation,  an  instance  of  WBS3  fires;  otherwise  nothing 
further  is  done  and  the  strategy  at  the  previous  depth  succeeds  for  lack  of  refutation. 
The  maximum  depth  cutoff  is  intended  to  be  used  only  rarely,  since  the  domain  is  rich  In 
specific  Knowledge,  so  the  present  mechanism  is  only  a  stopgap,  even  though  it  is 
successful  in  the  experiments  described  below.  Finally,  the  MMCl  VAP  represents  a  set  of 
Ps  that  are  evoked  by  WBS's  to  generate  moves  of  desired  classes,  for  Instance  moving 
toward  a  square.  These  means  to  generating  move  candidates  are  used  whenever  the 
desired  move  candidates  cannot  be  easily  constructed  directly  by  the  WBS’s. 


B.3.  Full  detail  on  selected  aspects  of  KPKEG 

As  we  have  seen  in  the  preceding  subsection,  KPKEG’s  six  groups  of  Ps  form  the 
following  functional  units:  the  strategy  executive,  the  board-updating  operations,  the 
means  to  strategies,  the  strategies  themselves  (two  groups),  and  initialization.  This 
subsection  will  indicate  subdivisions  of  each  of  these  groups,  except  the  last.  In  most 
cases,  typical  Ps  will  be  given  to  illustrate  how  certain  kinds  of  chess  knowledge  are 
represented.  Descriptions  of  all  of  the  chess  knowledge  in  KPKEG  will  be  included.  For 
the  S  Ps,  we  will  give  more  detailed,  abstract  Ps  which  bring  out  issues  of  control.  The 
listing  for  the  actual  program  is  in  Appendix  A,  and  a  cross-reference  is  in  Appendix  B. 
Section  8.4  is  essential  for  decoding  the  actual  Ps. 

There  are  55  S  Ps,  subdivided  functionally  into  9  groups  as  follows: 

SO-Sl:  initialization;  2  Ps.  fSEl> 

S3-S4,  S15-S18:  evocation  of  strategies,  change  of  strategy  levels;  6  Ps. 
tSE2-SE3] 

S5-S9:  tree  mechanics,  ascending  and  descending  in  search  tree;  8  Ps. 

[parts  of  SE4,  SEIO,  SEll] 

S21-S210:  selection  of  a  move  from  the  set  of  candidates;  4  Ps.  [SE4] 

S11-S13,  S23-S26N:  checking  the  results  of  an  attempted  move;  7  Ps. 
[SE10-SE12] 

S30’s,  PN’s,  PW’s,  PV’s  (created  by  S60’s):  checking  for  terminal 
positions;  13  or  more  Ps.  [SE5-SE7i 

S40’s:  controlling  actions  for  terminal  positions;  3  Ps.  [SE8-SE9] 

SSO’s:  printing  the  board  externally;  3  Ps.  [] 

S60*s:  recording  the  winning  (terminal)  positions  as  Ps;  9  Ps.  [SE13] 

The  basic  control  in  the  executive  corresponds  to  the  VAPs  SE2-SE4,  SE8-SE12,  and 
the  RHS  of  SE5  (i.e.,  the  second  through  fifth  and  the  seventh  group  of  S  Ps).  Figure  B.3 
gives  abstract  Ps  (APs)  that  elaborate  on  those  VAPs.  Each  AP  has  the  VAPs  and  actual  Ps 
to  which  it  corresponds.  Using  the  APs,  we  can  get  a  more  detailed  picture  of  the  control 
flow.  The  process  of  finding  a  move  starts  when  the  initialization  asserts  "select-strategy 
&  check-other-strategy"  (the  latter  signal  is  synonymous  with  "check-strategy-result"  in 
the  VAPs).  If  a  strategy  produces  move-candidates,  S2a  will  select  one  by  using  first  a 
"max"  metric,  which  takes  the  distance  between  two  squares  to  be  the  maximum  of  the 


•  Square  brackets  enclose  the  names  of  the  corresponding  VAPs  from  Figure  B.2. 


aa 


Tha  KPKEG  Program  in  Detail 


KPKE6 


SOa:  [SE2,  SEIO;  S3]  check-othar-strategy  «  depth  &  not  aelect-atrategy  A  not  aucceed 
A  not  move-candidate’s  A  not  refuted 
->  select-strategy  A  check-other-strategyj 

SOb:  CSE3;  S4]  check-other-strategy  A  depth  A  select-strategy-unresoonded-to 
->  change-level; 

SOct  [SE4;  S5-S6]  descend(move)  A  depth  A  (current-level  OR  level-from-preceding-depth) 
A  current-mover 

->  make-move  A  check-terminal-position  A  erase-check-terminal-position 

A  increase-depth  A  establish-level-at-new-depth  A  mover-ia-other-playerj 

SOd:  [SEIO,  SEl  1;  S7-S9]  ascendfmove)  A  depth  A  current-level  A  current-mover 
->  erase-strategy-tried’s  A  retract-move  A  restore-captured-pieces 
A  decrease-depth  A  mover-is-other-player 
A  erase-strategy-signals-from-depth-being-ascended-from; 

Sla:  [SEll,  SE12;  Sll-S13]succeed(move,depth) 

->  ascend(move)  A  refuted(previous  depth)  OR  make-the-move-if-depth-lj 

Sib;  [SE2,  SE3:  S15-S18]  change-level  A  depth  A  current-level 
->  select-strategy  A  check-other-strategy 

A  current-leveKdecreased  if  depth  -  1  OR  increased  if  depth  >  1) 

OR  depth  [in  case  all  levels  have  been  tried]; 

S2a:  [SE4;  S21]  move-candidate  A  depth  A  not  check-move-result 

A  not  move-offboard  A  not  move-onto-piece-of-own-color 

A  not  move-candidate-whose-destination-square-is-closer-to-pawn’s-queeningr 
souare-bv-max-metric-or-same-bv-max-metric-and-closer-bv-min-metnc 
A  not  move-candidate-equal-bv-orevious-test-and-with-destination-sauare- 
lexicallv-less-or-destination-same-and-origin-sauare-lexicallv-less 
->  descend  A  check-move-rcsult; 

S2b;  [SE3,  SEl  1;  S23,  S26-S27]  check-move-result  A  not  refuted  A  dopth(one  deeper) 

A  not  move-candidate-at -depth-one -deeper 
A  not  other -strategies-to-be -checked-at-depth-one-deeper 
->  erase-move-candidates  A  record-win  A  succeed; 

S2c;  [SE8,  SEll;  S24]  s'lcceed-strategy  ->  refutedtprevious  depth); 

S2d:  [SEIO;  S25]  check-mcve-result(dopth)  A  refuted  A  depth(one  deeper) 

->  «acend(refuted  move); 

S3a:  [SE5:  S38]  erase-check-terminal-position  ->  select-strategy  A  check-other-strategy; 

S4a:  [SE8;  S41]  terminal-win(for  mover)  A  depth 

->  refutedtprevious  depth)  A  not  erase-check-terminal-position; 

S4b;  [SE9;  S42-S43]  terminal-wtn(for  opponent)  A  depth 

->  check-other-strategy  A  atl-levels-have-been-tried; 

Figure  B.3  APs  for  control  in  the  executive 


absolute  values  of  the  differences  between  their  corresponding  numerical  coordinates;  for 
equals  by  the  "max"  metric,  S2a  applies  a  "min"  metric,  which  is  similar  except  that  the 
minimum  is  taken  into  account;  when  there  are  still  contending  candidates  after  those  tests, 
lexical  order  is  used. 
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SOc  then  carries  out  the  bookkeeping  involved  in  descending  a  ply,  and  evokes  the 
Q  Pe  vis  "make-move*  to  update  the  board  for  the  move  selected  by  S2a.  In  descendirtg, 
the  usual  action  is  that  the  mover  at  the  new  ply  inherits  the  strategy  level  from  the 
preceding  move  that  it  makes  in  the  current  search  variation,  that  is,  from  two  plies  back. 
The  level  from  one  ply  back  is  used  in  going  from  depth  1  to  depth  2.  This  inheritance  of 
levels  injects  some  continuity  into  the  search,  since  a  player  first  tries  to  continue  what  he 
was  trying  on  his  preceding  move.  After  the  board  is  updated  for  the  selected  move, 
control  returns  from  the  Q's  to  examine  the  "check-terminal-position"  signal  asserted  by 
SOc.  Terminal  positions  are  recognized  by  a  set  of  Ps  not  shown  (discussed  below),  and  If 
nothing  is  recognized,  S3a  fires  and  the  strategy  selection  is  started  at  the  new  depth,  as 
before. 

There  are  three  ways  for  the  descent  in  the  search  tree  to  stop:  the  recognition  of 
a  terminal  position,  the  recognition  of  the  success  of  a  strategy,  and  the  exhaustion  of  all 
possibilities,  which  is  a  failure  of  a  strategy.  Terminal  positions  (including  maximum  search 
depth,  which  is  terminal  in  a  weak  sense  only)  are  checked  in  response  to  the  "check- 
terminal-position"  signal,  asserted  only  when  a  new  position  is  first  entered  from  a  lesser 
depth  (closer  to  the  root  of  the  tree)  -  not  when  a  position  is  re-instated  from  a  greater 
depth  (descendant  node).  If  a  terminal  position  or  explicit  success  occurs,  "terminal-win" 
is  asserted  and  processed  by  S4a  and  S4b.  S4a  specifically  refutes  the  strategy  at  the 
previous  depth;  the  "refuted"  signal  is  processed  by  S2d.  S4b  sets  up  an  exhaustion 
cortdition  so  that  S2b  will  get  control,  resulting  in  a  success  at  the  previous  depth.  S2b 
recognizes  a  failure  of  one  strategy,  implying  the  success  of  another,  by  noting  that  a 
move  has  not  been  refuted  by  the  strategy  at  the  descendant  node  (that  strategy  has 
tried  all  its  possibilities  with  no  success).  The  implied  success  is  signalled  by  "succeed", 
which  is  picked  up  by  SI  a. 

SOd  carries  out  the  bookkeeping  of  the  actual  ascent  to  the  parent  node  in  the 
search  tree,  evoking  Q’s  with  "retract-move"  to  update  the  board.  After  the  ascent, 
control  falls  back  to  one  of  two  places:  to  S2d  if  "refuted”  is  present  (from  521a),  which 
continues  to  propagate  results  back  one  more  ply;  or  to  S2a  or  SOa  if  there  was  a  success 
at  the  descendant  node  that  refuted  the  move  made  at  the  present  depth  (S2d).  S2a 
selects  from  any  move-candidates  that  are  still  available,  but  if  none  are  there,  SOa  fires 
and  strategy  selection  is  evoked  agaia 

Strategy  selection  is  driven  by  SOa  and  SOb.  SOa  evokes  a  strategy  (to  generate 
move-candidates)  via  "select-strategy"  and  at  the  same  time  asserts  a  signal  to  which  SOa 
or  SOb  respond.  A  strategy  consumes  the  "select-strategy"  signal  and  also  asserts  a 
"strategy-tried"  signal  (not  shown  except  that  SOd  erases  all  such  during  ascent)  so  that 
no  duplication  can  occur.  Some  strategies  do  respond  with  move-candidates  in  several 
sets,  iterating  through  SOa,  but  when  no  further  response  is  possible,  SOb  fires  and  the 
strategy  level  is  changed,  via  Sib.  Levels  are  changed  in  two  ways  depending  on  depth: 
at  depth  1,  which  is  the  depth  of  the  player  trying  to  make  an  actual  external  move,  the 
level  starts  out  at  the  maximum  (highest  aspiration)  and  decreases  when  things  don’t  work; 
at  other  depths,  the  level  starts  out  at  the  level  inherited  from  the  ancestral  (parent)  node 
as  explained  above  (SOc)  and  increases  up  to  the  maximum  (in  accord  with  the  strategy 
hierarchy  principle).  When  the  maximum  is  reached,  the  action  represented  by  the  second 
half  of  Sib’s  RHS  (after  the  "OR")  is  taken,  and  the  "depth"  signal  is  picked  up  by  S2b. 
When  the  minimum  is  reached  (depth  I  only),  the  program  has  failed  to  find  a  move  to 
make. 
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To  summarizo  tha  discussion  so  far,  thara  ara  two  aspacts  of  tha  stratogy  exacutivo: 
chess  and  PS  control.  There  are  sevarat  points  with  regard  to  the  former.  The  executive 
does  a  fairly  standard  tree  search,  but  it  uses  success  or  failure  of  strategies  to  evaluate 
positions  rather  than  a  more  conventional  material  criterion.  Strategy  levels  are  inherited 
from  parent  or  ancestral  nodes,  so  that  some  unity  of  play  over  various  depths  in  the  tree 
is  evident.  Strategy  levels  start  high  and  decrease  at  depth  one,  and  start  at  tha  inherited 
value  and  increase  at  the  other  depths.  Recognition  of  terminal  positions  occurs  when  a 
position  is  examined  for  the  first  time. 

PS  control  is  primarily  of  a  fall -back  nature:  a  move  is  made,  for  instance,  and  a 
Working  Memory  instance  records  it;  when  it  .has  been  processed,  control  falls  back  to 
examining  that  record  and  proceeding  accordingly.  In  addition  to  checking  move  results, 
this  occurs  when  strategy  levels  are  exhausted  (’‘depth",  from  Sib),  during  ascent  ("depth" 
from  SOd  -  note  that  SOa  and  S2a  have  explicit  exclusion  conditions  to  determine  the 
appropriate  action),  when  strategies  are  tried  ("check-other-strategy"),  and  when  terminal 
positions  are  recognized  ("erase-check-terminal-position",  S3a).  Another  kind  of  control  is 
used  for  generating  move  candidates  and  for  selecting  strategies:  When  a  strategy  fires,  it 
asserts  a  signal  that  inhibits  future  firings  in  the  same  context.  Move-candidates  exist  as  a 
set  in  Working  Memory,  so  that  when  S2a  is  examined,  a  new  one  from  the  set  is  found 
(arKi  erased).  When  there  are  no  more  candidates,  control  falls  back  to  SOa  and  SOb. 

Continuing  now  with  more  details  of  KPKEG,  the  Ps  corresponding  to  VAP  SE6 
(Figure  B.2),  the  S30’s,  encode  conditions  for  recognizing  ten  terminal  positions  as  follows: 

a.  A  pawn  on  the  eighth  rank  that  cannot  be  captured  by  the  enemy 
king;  conditions  i.  and  j.  below  are  excluded;  this  is  defined  to  be  a 
win  for  White.  (S31) 

b.  No  pawn  on  the  board  (it  has  been  captured);  this  is  a  draw  (which  is 
considered  a  failure  for  White).  (S32) 

c.  The  black  king  stalemated.  ($33) 

d.  Checkmate.  (S34) 

0.  The  black  king  with  the  opposition  and  the  white  king  not  directly  in 
front  of  the  pawn;  condition  h.  is  an  exception.  (S35) 

f.  The  white  king  on  the  same  file  as  the  pawn,  two  or  more  sduares  in 
front  of  it,  and  the  black  king  not  closer  to  the  pawn  than  the  white 
king.  (S36) 

g.  The  white  king  on  the  square  in  front  of  the  pawn,  with  the 
opposition  (to  be  defined  below).  (S360) 

h.  The  white  king  on  the  sixth  rank,  in  front  of  the  pawn  somewhere 
ar>d  fairly  close,  and  the  black  king  not  closer  to  the  pawn.  (S36R) 

I.  A  special  stalemate  condition  with  the  pawn  just  promoted  at  C8, 
black  king  at  A7,  and  white  king  controlling  B6.  (S37L) 

).  Similar  to  i.,  but  reflected  to  the  right  side  of  the  board  (F8,  H7,  G6). 

(S37R) 

These  may  not  be  correct  or  powerful  enough  from  the  chess  standpoint  (see  Fine,  1941) 
but  they  suffice  for  present  first -approximation  purposes.  "Opposition"  is  an  endgame 
term  that  is  defined  narrowly  as  a  situation  in  which  the  kings  are  on  the  same  file  with 
one  intervening  square;  the  player  not  on  the  move  has  the  opposition.  This  set  of  Ps  is 
augmented  by  specific  patterns  added  as  Ps,  which  recognize  specific  board  situations  that 
have  been  determined  during  search  to  have  a  known  eventual  result. 
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An  examplo  of  how  one  of  these  conditions  is  expressed  is  in  Figure  BL4^  Refer  to 
Section  B.4  for  predicate  meanings. 

SaOi  IffK  FIK>NT2**  CHECK  TERM(0|,P)  *  NOT  SATlSFlEStD^D  EQ  1)  A  KPKHASPtCl) 
bM  Hw  hint*  and  Mw  pawn  to  variablaa: 

*  ISKINC(Al)  a  HASC0L0R(A1.CI)  A  ISK{N6(A2)  A  VNC0(A2A1)  *  ISPAWN(A» 

•alabKak  rank  and  fila  for  loealiona  at  whita  kinf  and  pawn;  both  on  aaae  fda: 

A  L0C(A3,S1)  A  RF(S1,R1,F1)  A  L0C(AI,82)  A  i)F(S2,R2,Fl> 
whita  kinf  two  or  mora  in  front  of  pown: 

A  SATISFIES2(Rl,R2,R2  T.GREAT  Rl«l) 

'%  lecatioiv  rank,  and  fila  of  black  kinf: 

'  A  L0C(A2,S3)  A  RF(S3,R3,F3) 

Wack  kinf  net  cleaar  to  tho  pawn  than  the  whita  kinf: 

A  NOT  SATISFIES3(R2.R3.F3.MAX(ABS(R3.Rl).ABS(F3.Fn)  ?>LESS  R2-R1) 

»  TCRh4:W]N<Cl,’S36)  A  NEGATEd)  A  NOT  ERS CHECKTERhKD.P); 

Figure  B.4  Implementation  of  terminal  position  f. 


The  Ps  corresponding  to  the  UB  (updating  board)  VAPs  (Figure  BL2)i  the  Q's,  are 
grouped  as  follows: 

QO-QOc:  print  a  move  trace;  2  Ps. 

(J1-Q2:  initiate  move  retractions:  2  Ps. 

C}3-Q4:  move  pawn  forward  and  backward;  2  Ps. 

Q7:  detect  illegal  king  move,  i.e.,  into  check;  1  P. 

(}8><}9:  bookkeepping  for  any  capture  move;  3  Ps. 

Q10-Q19:  king  moves;  9  Ps. 

A  move  is  given  as  an  origin  square  and  a  destination  square.  The  Q*s  print  a  trace,  detect 
the  type  of  piece  to  be  moved,  determine  the  direction  of  the  move,  change  the  location  of 
the  piece,  detect  captures,  save  information  about  a  captured  piece  so  that  it  can  be 
restored,  and  update  the  squares  controlled  by  a  piece  as  it  moves. 

Of  the  two  types  of  moves  in  KPKEG,  the  king  move  is  mors  typical  of  the  majority 
of  chess  moves  than  is  the  pawn  move.  The  actual  move  is  done  in  two  steps  (P  firings), 
one  to  do  the  part  common  to  all  directions  for  the  move  and  the  other  (one  of  8  Ps)  to  do 
direction-specific  updating.  The  split  into  two  is  largely  for  reasons  of  economy  of 
expression.  Ail  eight  directions  are  distinct  because  of  the  board  representation,  which 
uses  s  different  predicate  to  show  the  relation  of  a  square  to  each  adjacent  square. 
Figure  B.5  gives  the  common  P  and  one  of  the  directional  Ps. 

The  M  Ps,  corresponding  to  VAP  MMCl,  are  divided  into  five  groups: 

M1-M8:  generate  move  candidates  to  move  toward  a  square;  8  Ps. 

M9-M9N;  special  cases  for  moving  toward;  3  Ps. 

Ml  1-M14:  handle  the  delayed  assertion  of  move-toward  candidates;  5  Ps. 

Ml  6:  generate  candidate  to  move  to  a  square;  1  P. 

Ml  7;  special  case  for  moving  to;  1  P. 

The  means  to  move  candidates  for  strategies  are  quite  important  to  reducing  the  number 
of  rtecessary  strategy  Ps,  since  for  moving  in  eight  directions,  different  sets  of  move 
candidates  are  appropriate.  There  are  three  move  candidates  in  the  set  for  moving 
toward  one  square  from  another:  one  to  a  square  approximately  in  the  same  direction  as 
the  target,  and  two  that  are  adjacent  to  the  first.  Figure  B.6  gives  a  typical  means  P. 
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aa 


Q1 1(  1C  COMMON* ::  MM(EtM0VE(SI.S2)  *  LOCCAIJt)  ft  BKINGCAl)  ft  NOT  QFFBOftMNII) 
tott  mmv*  itn't  onto  •  eontrolM  anuoro: 

ft  NOT<  EXISTS(C1.C2^2>  ft  CONTMlS<A242>  ft  NASOOIORCAI^I) 
ft  HASCOLOR(A2,C2)  ft  VNE0<C1.C2)  ft  NOT  RETftACTm6(91,S2)  ) 
chock  tkoC  <hc  move  ien't  onto  c  pioeo  of  (he  oo«c  color: 

ft  NOrC  EXISTS(A2,C)  ft  L0C<A2^2)  ft  HASOOLORCAt^)  ft  KASOOlOR(A2jC) ) 
mke  avtm  (ha(  (ho  ccuan  ia  roochablo: 
ft  CONTROL8(Al,S2) 

cifnal  for  cap(uro  c(toc(t  and  dirac(ion>apoci(<c  ceiaponanh 
»  CHECKCAP(A1^2>  ft  MAKE  MOVE  K(A1.S1,S2> 
end  do  (ho  updo(int  eononon  (o  all  hinf  movoa: 

ft  LOC<Al,S2)  ft  CONTROLS(Al^i)  ft  NE6ATE(1,2,7>  ft  NOT  RETRACTING(81.S2>i 

move  (ho  hint  dio|onally  lof (-for word: 

Qlfti  K  DIAGLF*  ..  MAKE  IdOVE  K(AI,S1,S2)  ft  DIAGLF(Si.S2> 
ca(obliah  (ho  aquaraa  whoao  confrol  will  eh»nf: 

ft  0IAGRF(S1,83)  ft  C0NTR0L8(AI.S3)  ft  DIAGRB(S1,S4) 
ft  CONTROl8(At,S4)  ft  RANKR(SI,S5>  ft  (X)NTR018(A15S>  ft  FILEB(Sl,SR> 
ft  CONTROLS(Al,S6>  ft  0IAGLB(Si,S7)  ft  CONTftOLS(At57) 
ft  01AGRF(S2,S8)  ft  DIAGLF(S2,S9)  ft  0IAGLB(82^10)  ft  FILEF(S23t» 
ft  RAN(a(S2,S12) 

inahe  ((w  chonfoa  (2  Gon(rolM  aquaraa  a(ay  eon(retlad): 

•>  CONTROL8(Al,S8)  ft  C0NTR0LS(A1,S8)  ft  CONTROLSIAI^IO)  ft  CONTROlSCAl^il) 
ft  00NTR0LS(A1^12)  ft  N£CATE(lA6.R.(0.t2>i 

Figure  B.5  Updating  the  board  for  a  king  move 


Ml)  *MOVE  TW  ORB*  MOVE:TOWARD<aA,82)  ft  NOT  CONTROLS(Aj52)  ft  LOC(A,SI) 
do(oraiino  (ho(  (ho  dhoehon  ia  diaionaHy  rith(-ba<hward,  uainc  rank  and  fda  eoerdirmtan 

ft  RF(S1,R1,F1)  ft  RF(82,R2,F2)  ft  SATISFtES2(Fl,F2,Fl  MESS  F2)  ft  8ATI8FtES2(Rl,RtRI  7*GREAT  R2) 
loooto  ((to  oppropria(o  (hroa  aquaraa  and  ao(  up  (ho  movoa: 
ft  RANKR(SI,S3)  ft  FtLEBCSl.SA)  ft  0!AGRB(81,8S> 

»  MOVEd(OlD(D,Sl,83)  ft  MOVE:((010(0, 81,84)  ft  ld0VEd(0l0(aSl,89)  ft  NEBATECDi 

Figure  a6  Means  for  moving  toward  a  square 


The  bulk  of  the  chess  knowledge  in  KPKEG  is  in  the  strategy  Ps,  the  W$  and  B’s, 
corresponding  to  the  WBS  VAPs  in  Figure  B.2.  As  indicated  in  the  VAPs,  the  knowledge  ia 
represented  three  ways:  one  for  move-candidate  generation,  one  for  recognizing 
Immediate  success,  and  one  for  making  a  maximum-depth  static  evaluatioa  Since  the  three 
ere  somewhat  similar,  we  consider  details  for  the  first  only,  in  Figure  B.7.  Again,  as  for 
the  terminal-position  chess  knowledge,  no  claim  is  made  for  correctness  of  these 
strategies  in  general.  But  they  are  adequate  as  a  first  approximation,  and  from  the 
present  limited  success,  we  conclude  that  PSs  are  adequate  for  encoding  whatever  the 
correct  knowledge  is.  The  relation  between  the  last  two  columns  in  Figure  B.7  is  that  at 
the  same  level  the  strategies  are  (intended  to  be)  opposites:  success  of  one  refutes  the 
other.  The  levels  are  (intended  to  be)  such  that  success  of  a  strategy  at  a  higher  level 
refutes  a  move  from  a  lower  level,  but  not  vice  versa.  A  typical  strategy  P  is  given  in 
Figure  B.8. 
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Level 

P  group 

White 

Bleek 

7 

B1 

Checkmate  (impossible  in  K-P-K) 

Capture  pawn 

6 

W2,B2 

Queen  the  pawn,  move  to  8th  rank  Stalemate 

5 

W3,B3 

Advance  pawn,  move  king  off 
square  in  front  of  pawn 

Intercept  pawn  by  moving  toward 
pawn's  queening  square 

4 

W4,  B4 

Control  path  of  pawn  by  moving 
king  toward  the  square 
two  in  front  of  the  pawn 

Block  pawn  by  moving  toward 
any  square  in  the  pawn's  path 

3 

W5,B5 

Defend  the  pawn  by  moving 
toward  it 

Attack  the  pawn  by  moving 
toward  it 

2 

W6,B6 

Move  toward  the  enemy  king^  to 
restrict  its  movement;  always 
fails  at  depth  2;  try  to  gain 
the  opposition 

Same  as  for  White 

1 

both  W7  Any  move  not  toward  the  enemy 
king  and  not  toward  the  pawn; 
always  fails  at  depth  2 

Same  as  for  White 

Figure  B.7  Summary  of  chess  Knowledge  in  the  strategy  Ps 


W4i  TONTR  P*  ::  SELECT  STRAT(0,P>  t,  KPK  HASP(P)  4  C(JR:LEVCL<0,L)  *  SATISFICStUL  EO  4> 
«  NOr(  EXISTSCX)  a  SrRAT.TRIE00(.L,0)  a  SATISFIESOCX  EO  'W4) ) 
bM  pawn  and  whita  hint; 

a  ISPAWN(At)  a  ISKING(A2)  a  HASCOLOR(AI,C)  a  HASCOlOR(A2,C) 
fM  lha  aquara  two  in  front  of  tho  pawni 

a  lOC(At,Sl)  a  FILEF(S1.S2)  a  FILEF(52,S3)  a  not  C0NTR0LS(A2^3) 

•votia  maana  and  indioto  tho  a tratofy  tiaa  boon  triad: 

•»  M0VE:rOWAR0(0,A2.S3)  a  STRAT  TRIEDCW4,U})  a  NEGATE!  I): 

Figure  B.8  A  typicel  stretegy  P 


B.4.  Meanings  for  KPKEG  predicates 

Two  sets  of  KPKEG  predicates  are  central  to  the  program  and  to  the  representation 
of  the  game,  and  are  given  here  to  provide  an  index  into  the  following  alphabetical  list: 
Search:  ASCEND,  CHANGE:LEVEL,  CHECK:MOVE:RESULT,  CHECK:TERM, 
CHECK:OTHER:STRAT,  CUR.LEVEL,  DEPTH,  DESCEND,  MAKE:K40VE, 
MOVE.-CAND,  REFUTED,  RETRACT;MOVE,  SELECT:STRAT,  SUCCEED. 

Board  representation:  CONTROLS,  DIAGLB,  DIAGLF,  DIAGRB,  DIAGRF, 

FILES,  FILEF,  LOC,  OFFBOARD,  RANKL,  RANKR,  RF. 
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Th«  following  are  the  types  for  the 

below: 

g  actor,  i.e.,  particular  piece 
c  color 
d  depth 
f  file 


arguments  of  predicates  In  the  description 

I  level  (of  strategy) 
p  player 
r  rank 
s  square 


ASCEN0(«t.t2) 

CAPTUREOt&M) 

CHANGElEVEL(d> 

CHECKCAP((,t) 

CHECICMOVERESULT<d,«l,*2) 

CHECK.OTHERSTRAT<d,p) 

CHECK:TERM(d,p> 

CONTROLLEO((,d.t) 

CONTROL8(|,«) 

CONTROLSK(i) 

CONTROLSPCi) 

CUR:LEVEL(d,l) 

OEPTH(d) 

0ESCEN0(«l,i2) 

0IAGLe(tl,t2) 

01AGLF(*l,t2> 

DIAGRB(«l,t2) 

0IAGRF(tl,t2> 

ER8CHECK:TERM(d,p) 

ERSMOVESCd) 
ER8>8TRATJRIE0<d) 
FaES(tl,t2) 
FaEF(il,«2> 
FINOMOVE(p) 
HASCOLOR(fcc) 
ISKING(|) 
ISPAWN<|} 
KPK:HASP(p> 
KPKINIT(«) 
LASTPfM-) 
LOC(»«) 
MAKE:M0VE(il,i2) 
MAKE  MOVE  K(s,tt,t2) 
MAKEMOVE:T<tl,i2) 


MAXOEPTHCd) 

MAXSLEVEKp.l) 

MEANSEXAMId) 

MEANS  HOLD(d) 

MEANSRELSCd) 

MINSLEVEKp.l) 

M0VECAN0(d,tl,t2) 


•tetnd  (o  •  lewpr  ply  by  ratnctint  (ht  mev* ••  froM  tl  lo  a2.  (8)0 

•4  d,  I  WM  captured  and  raiaavad  from  a.  (8, 0) 

chant#  Ih#  alratofy  loval  at  d  (8) 

chock  if  Ihora  aro  any  capluroa  by  |  movinf  onto  a.  (0) 

chock  tho  roautt  of  tho  movo  mado  from  at  to  a2  at  d  (8) 

chock  for  othor  otrotogioa  for  p  ot  d  kftar  at  laaat  ana  atrataiy  haa  bam  trioA 

(S> 

chock  if  tho  currant  poaition  (at  d>  ia  a  tarminal  ana.  p2  is  lo  atova.  (8,  PN)eo 
I  contretiod  a  (aoo  CONTROLS)  baforo  it  waa  capturod  in  lha  aaarcb  at  d  (8, 0) 

I  centrola  a,  in  tho  aonao  that  it  can  movo  diroctly  mto  a  (al  but  PN) 
aat  up  tho  CONTROLS  inalaneoa  for  kinf  (X) 
aot  up  tho  CONTROLS  inatancoa  for  pawn  f  0() 

I  ia  tho  currant  atrato|y  lavol  at  d  (S,  0,  W,  B,  PN) 
d  ia  tho  currant  oaarch  depth.  (S,  0) 
movo  ono  ply  doopor  by  mevint  al  to  a2.  (S) 
a2  ia  diofonaHy  loft  and  back  from  al.  (0,  M,  W,  )0 
a2  ia  diafonaily  loft  and  forward  from  al.  (Q,  X) 

a2  ia  diafonaHy  ritht  and  back  from  al.  (Q,  M,  W,  )0 
a2  ia  diafonally  rifhl  and  forward  from  al.  (0,  M,  )0 

oraaa  tho  corroapondini  CHECKTERM;  thia  aifnala  camplatlan  af  lha  aback.  (8, 
PN) 

oraaa  unoMominod  MOVECAND*#  at  d  (S> 
oraaa  STRAT  TRIED’#  at  d  (S) 

$2  ia  diroctly  back  aloni  tho  fda  of  al.  (aS  but  PN) 
a2  ia  diroctly  forward  alon(  tho  file  of  al.  (aS  but  PN) 
find  a  move  for  p;  typed  by  uoor.  (S) 

I  haa  color  c  (6  or  W).  (aH  but  M) 

I  ia  a  hint.  (aB  but  M) 
a  ia  a  pawn.  (bR  but  M) 

thia  ia  a  K-P-K  |amo;  p  haa  the  pawn.  (S,  W,  B,  PN) 

inilialixo  for  a  K-P-K  tamoi  a  ia  a  dummy.  (S,  X) 

production  n  ia  tho  loot  one  added  to  tho  poaition-nat  madulai  (8) 

•  ia  loeatad  on  o.  (aU) 

make  the  move  from  a  I  to  a2.  (0) 

update  tho  board  (CONTROLS)  for  the  kinf  movo  of  |  from  a  I  to  a2.  (Q) 

print  tho  trace  meoaato  for  tho  movo  from  a  I  to  a2,  than  aifiml  MAKE-MOVE.  (Q, 

S) 

d  ia  tho  maaiRNim  depth  for  tho  aoarch.  (S) 

I  ia  (ho  maaifflum  atrotofy  level  for  p.  (S) 

aignal  (hat  MOVE  CANO'a  aro  net  to  bo  fonoratod  by  a  moana  (M  Pa)  at  d  but 
rather  (ho  potential  movoa  aro  to  bo  hold  for  OHemmation  (MOVEXXAM).  (M,  W) 
hold  (ho  amiaaion  of  MOVE  CANO'a  al  d  from  a  moana  (M  Pa)  until  aH  poaaMNtiaa 
are  ready.  (M,  W,  B) 

roloaao  tho  movoa  hold  back  by  MEANS:W)L0  at  d  (M> 

I  ia  (ho  minimum  atratof y  level  for  p.  (S) 

(ho  movo  from  al  to  a2  ia  a  candidata  at  d  (S,  K  W,  B) 


•  The  initiala  appaarinf  al  thio  plaoa  refer  to  P  froupa  to  which  a  pradicata  ia  relevant. 

••  PN  atanda  for  Pa  in  tho  poaition  not  fonoratod  by  (ho  RECORO  BLO  procaas 
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Tlw  KPKEG  Program  in  Oalail 


M0VE>EXAM(4Bl,a2>  Ih*  mov*  Itm  si  <•  sf  li  mas  fsr  ssaaissIlBN  ky  a  almlaiy 
MEANS  EKAM).  (W.  M) 

MOVC:HIST(m)  a  is  s  Hs<  sf  fhs  msvss  sa^s  is  ass«sabi|  Is  Nw  currsNl  tfiHK  <N>a  far 
salsrsal  displsy  ssly.  (8) 

M0VCiH0LD(flsl.s2>  si  Is  s2  is  s  pslsshsl  MOVCCAM)  si  4,  isssrsM  by  a  sasaa  (M) 

MOVE TO(d,%a)  fsssrals  msvst  Is  |sl  •  Is  s  si  A  (ML  W,  B) 

MOVEiTOWARIXd^s)  (sssnis  aissss  Iswsfd  s  frsai  ifs  pissssl  IscsIisM,  (ML  W,  B) 

MOVERIp)  p  is  Ihs  csisr  Is  smvs  in  lbs  eurrsnl  pssilisa  (S> 

M0VIN6(pA*li*2>  fs'  salsrsal  displsy,  p  is  issvis|  |  frsm  si  Is  s2  ss  s  rsal  |sms  smssi  (8> 
NODE^XHMTIa)  a  is  s  csuni  sf  Ihs  nuihbsr  sf  nsdss  ssarchs<  fsr  salsrsal  ftaphy.  (Ql  B) 
OFFBOARCXs)  t  is  off  Ihs  bssrd;  il  saisla  at  ■  dumy  Iscaliss  Is  ahaallfy  Ihs  bsaid  paHawifc 
(S.  0.  M) 

PLAYER(p)  p  is  s  playsr,  silhsr  B  sr  W.  (S> 

PRINT :BOARO(a)  print  Ihs  board  satsmsily!  a  is  a  duiaaiy.  (S> 

PRINTE0:80AR0<a)  Ihs  boarrf  has  bssn  prinlad.  a  is  a  dvaasy:  Ihia  is  wssd  Is  passsaf  lha  bsssd 
display  Iwies  wiHi  no  inlorvsnini  chasfos  (S,  0) 

RANKL(al,s2)  s2  is  dirsclly  Is  Ihs  lofi  sf  si,  sbm  rank.  (Q^  K  W,  X) 

RANKR(al,s2)  s2  is  dirsclly  Is  Ihs  riphl  sf  si,  saias  rash.  (0,  lA  W,  X) 

RE(X)RO--BlO(d,l,sl,a2,a)  rssdy  Is  add  a  sol  of  Pa  la  Ihs  poallios  nsl  of  Isrssnal  psoHisni^  srhlcb 
raco|nico  lhal  si  Is  a2  is  Ihs  hay  mows;  d  and  I  ars  Ihs  dsplh  and  Isssl  si  srkick 
Ihs  imperlanea  of  lha  pssilien  wars  dalsraiinsd  and  a  is  a  Hal  Mial  is  Nia 
coiaaian  pari  sf  Ihs  LMSa  sf  Ihs  sal  of  Pa.  (S) 

RE00RD.00NE(d,a)  lha  P  whoso  la|  (PN,  PV,  or  PW)  is  a  has  boon  racaadsd  a|  d  la  Hia 
RE(!ORO'BLO  prscasa;  this  prsvonis  duplitslion.  (S> 

REOORO-.FlhKd)  Ihs  main  pari  of  Ihs  RECORDBID  procsss  is  finiahsd  al  A  (S) 

RE(X)RDFIN2(d)  finish  Ihs  REC0RD'.8L0  prscasa  by  orasinf  trarious  inlaroMdiala  dsla.  (S> 
RE(30R0'-PRE(AVsI>n2,s3;s4,sS,p)  al  d  and  I,  si  Is  s2  is-  Ihs  hay  msvs  Isadini  Is  a  lorminal  pasHisn  (ass 

RE(X>R0BLD):  p  is  Is  movs,  and  s3l  ad,  and  sS  t'**  pssiliono  of  Hta  paariv 
whils  hint,  oni  black  kinf.  (S> 

RE00R0:WIN<Aal,s2>  record  Ihs  larnimsl  pssilieiv  ass  RECORD  BID,  al  A  hay  mows  si  Is  s2.  (S> 

REFUTEO(d)  Ihs  alralaty  at  d  is  rsfulsA  al  IsssI  wilh  rssposl  la  a  parUcuha  nwsa 
(lyiECK  MOVE  RESULT)  (S,  0) 

RESTOREOAP(d)  rsalors  Ihs  caplursd  pises  rsmsvsd  by  a  capturs  sisaa  (CAPTUREDIl  M  A  (S> 
RESTORE  CON(|,d)  rsalors  Ihs  CONTROLS  rsmsvsd  by  s  capivrs  msvs  <COIITROLLEO)i  g  waa 
csphirsd  at  d.  (S> 

RCTRACTflOLO(al,a2)  hold  the  rsirsclion  (RETRACTiMOVE)  of  Ihs  msvs  al  Is  o2L  sinaa  H  wsa  navar 
mads  due  Is  ilivtalily.  (0) 

RETRACT:M0VE(st,a2>  rairsci  Ihs  movs  from  al  le  s2,  rsslsrint  Ihs  board  alsla  la  lla  pravlawa 
condiiion,  Ihs  rsvofss  sf  MAKE  MOVE.  (0,  S) 

RETRACTING(sl,s2)  al  to  a2  is  bsint  rsiracladi  this  supprassas  asrlain  Isfsiily  aha  aba  far  hlaB 
msvss  (0) 

RF(a,r,f)  a  has  rank  r  and  fda  f,  both  nunbsra.  (5,  M,  W,  B) 

SAVELX)N(|,d)  save  lha  CONTROLS  of  i,  al  A  as  CONTROLLED.  (0) 

SELECT:STATIC<Ap)  at  A  do  a  sialic  alralapy  aslimalion  far  p.  (W,  B,  S> 

SELECT^STRAT<Ap)  al  d,  do  a  (dynamic)  slralafy  sslaetioiv  which  isnsrstaa  msvs  candMalo%  far  p. 
(S,  W.  B) 

STATIC:EVAL(d,p)  sifnal  lhal  STATIC^EVAL  is  spprspriala  in  Ihs  cwrrsnl  psnHieni  Ihia  affaala  lha 
diraction  of  praesasint  sflar  CHECKTERM.  (S) 

8TRAT:TRIED(a,l,d)  alralaty  a  (Ihs  nemo  sf  a  P>  has  baan  triad  al  d  and  I  (S,  W,  B) 

SUCC:8TRAT<Ap>La)  stralaiy  a  (lha  nsma  sf  a  P>  has  auceaadad  for  p  al  d  snd  Is  Mia  awccaaa  la 
known  slatically,  without  fwrihsr  assreh.  (S,  W,  B) 

8(ICCEE0(Aal,s2>  al  A  Ihs  movs  al  Is  s2  has  suceasdsA  in  Ihs  sirslatic  aanss.  (S) 

TCRM:WIN(p,a)  p  has  a  Isrmmsl  win  (far  Whila,  a  chass  win  tor  Black,  a  draw)^  indiastad  by  P 
as  at  maaianim  dsplh  this  svekmlien  is  sialic  and  not  as  siriclly  a  win  (aaa 
SELECT  STATIC).  (S,  W.  B,  PN) 

TESTn(a)  iniliala  Ihs  Isal  prabism  iv  n  •  1,  2,  3i  lypsd  salsmaRy  by  Mia  usar.  00 
TRACINQ(a)  a  dummy  prsditsis  used  Is  show  lha  prinlin|  sf  an  safari  fraasi  (IL  0) 
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WtW<IIES:EXAM(4«) 


W7.RES:ERS(d) 

W7iRE8:E)(AM(d4) 

WTWJIESEXAWKd) 

WINCANO(i«l,a2) 


•MMM  (tw  raaidti  of  Mto  iMono  ooolwd  by  P  W6W  (movbii  %  at  4)  uabig 
MEANSEXAMi  W8W  ia  a  aiatie  aatimtor  (SELECT:STAT1C)  tM  uaaa  alaiply  tha 
aaiatonea  of  eno  of  a  cbaa  of  movoa  (W) 
oroao  (ho  roawHo  of  (ho  Wf^RES  EXAM  procooa  (W) 

a(  d,  OKOflono  (ho  roaoKa  of  (ho  moooa  avoliod  by  P  W7  uaini  MEANSiEXAMi  W7 
doairoa  mvoa  (ho(  aro  ho(  taMara(od  by  (ho  laaaoai  (W) 
aioalar  (o  WtW^RES  EXAId.  (W> 

a(  ft  at  (o  a2  ia  a  coiidida(o  (ha(  hoa  lad  (o  a  win  bi  an  MonMcal  attuaUan  af  a 
diffaran(  daaHM  aoa  REOOROALD.  (S,  PN) 


v-ie 


KPKEG 


C.  RatulU  of  Exporimentt  with  KPKEG 


KPKEG  hn  been  tested  on  three  simple  problems,  called  Testl,  Test2t  ond  TestS. 
These  are  not  Intended  to  be  representative  of  the  class  of  all  K-P-K  positions,  but 
KPKEG’s  behavior  does  demonstrate  that  it  is  an  adequate  basis  for  a  more  complete 
program.  Testl  is  discussed  in  detail  in  Section  B,  and  is  exhibited  in  Figure  B.1. 
Appendix  0  examines  KPKEG's  behavior  on  Testl  in  detail,  exhibiting:  the  program  trace, 
showing  search  behavior  in  the  tree  of  chess  moves;  the  state  of  Working  Memory  after 
the  run,  which  includes  the  internal  board  representation;  the  trace  of  P  firings 
corresponding  to  the  program  trace,  broken  into  distinguishable  corresponding  segments; 
and  a  control  flow  summary  trace,  which  breaks  P  firings  into  groups.  Appendix  E  contains 
four  more  program  traces,  two  for  some  experimental  options  on  Testl,  and  one  each  for 
Test2  and  Tests. 

Testl  is  a  good  test  because  it  requires  more  searching  than  the  typical  K-P-K 
position.  This  searching  exercises  KPKEG’s  executive  Ps  and  results  in  the  evaluation  of  a 
variety  of  terminal  positions.  It  also  allows  meaningful  comparison  of  effects  of  various 
options  on  the  search.  KPKEG’s  behavior  on  Testl  has  been  described  in  some  detail  in 
Section  B.1.  The  traces  on  Testl  in  Appendix  E  are  of  primary  interest  here.  Two  search 
options  explored  with  Testl:  (1)  The  procedure  of  decrementing  strategy  levels  from  the 
maximum  at  depth  1,  but  passing  down  strategy  levels  to  other  depths,  and  incrementing 
from  those  to  the  maximum.  (2)  The  storing  of  winning  positions  for  future  use  in  the 
search.  The  standard  version  of  KPKEG,  with  both  of  these  options  turned  on,  finds  a 
move  for  Testl  by  searching  40  nodes.  A  version  with  the  strategy  level  changed  to 
decrements  at  all  levels  searches  80  nodes  (the  first  trace  in  Appendix  E),  and  a  version 
without  the  position  storing  searches  60  nodes  (the  second  trace  in  Appendix  E).  The 
combination  with  both  options  in  their  non-standard  setting  was  not  tried.  This  Is  good 
evidence,  at  least  as  far  as  a  single  test  position  can  provide,  tffat  the  standard  version 
has  the  proper  options. 

The  most  significant  change  in  KPKECTs  behavior  on  Testl  results  from  an 
experiment  not  shown:  if  the  carrying  down  of  strategy  levels  from  two  plies  back  is  not 
done  (Ps  S5  and  56  become  55  modified  to  work  at  all  depths  so  that  the  level  from  one 
ply  back  is  used),  the  search  goes  on  for  hundreds  of  nodes  and  fails  to  find  a  satisfactory 
move  for  White.  One  critical  point  is  the  situation  at  node  35  (please  refer  to  Appendix  D), 
where  Black  is  at  level  5  but  White  responds  at  level  4,  as  in  the  sequence  leading  to  node 
23  (which  happens  to  be  caught  by  the  position  net,  PN-5);  in  the  alternate  version,  White 
is  forced  to  be  at  level  5,  and  only  tries  to  advance  the  pawn,  failing  to  refute  Black’s 
move  and  eventually  failing  at  depth  1  with  the  move  E4-E5.  This  demonstrates  that  the 
alternative  is  detrimental  to  the  evaluative  effectiveness  of  the  program. 

Test2  and  Te$t3  (Figure  C.l)  are  rather  similar  as  starting  positions,  but  have  some 
interesting  differences  in  their  search.  Their  shared  traits  are  more  important  than  their 
differences.  Both  tests  show  the  application  of  the  kind  of  specific  knowledge  that  is 
typically  applied  in  K-P-K  positions.  In  particular,  White  searches  very  few  nodes,  four  or 
less,  in  finding  a  winning  move.  Black,  on  the  other  hand,  searches  many  more  in  its  futile 
attempts  (it  would  probably  be  more  reasonable  for  the  program  to  resign  in  situations 
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Figure  C.1  Te$t2  and  Test3  initial  positions;  White  to  move 
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whose  value  is  known).  For  illustrative  purposes,  the  search  is  useful  because  it  exercises 
some  more  of  the  terminal-position  recognizers,  and  makes  use  of  strategy  Ps  (W*s  and 
B's)  for  the  lower  levels  (Testl  only  got  as  low  as  level  4). 
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0.  ProciiicHon*Sytt«m*Relat«d  pMlura*  of  tho  Implomontation 


KPKEG*s  organization  makas  programming  by  gradually  adding  Ps  aasy.  Thera  It  a 
clear  divition  into  the  strategy  executive,  the  strategies,  the  means,  the  terminal  patterns, 
and  the  board-updating  process.  KPKEG  was  built  up  by  leaving  strategies  and  terminal 
patterns  unspecified  until  the  executive  was  in  good  shape.  The  action  of  the  unspecified 
parts  was  easily  filled  in  by  manual  intervention  at  pre-arranged  points.  The  executive 
developed  from  an  initial  approximation  by  adding  Ps  to  represent  new  cases  of  necessary 
action  and  by  modifying  the  existing  Ps  to  be  more  discriminating.  For  instance,  there  are 
many  ways  that  a  move  can  be  refuted  or  allowed  to  succeed  (APs  SI  a.  Sib,  S2b,  S2c,S2d, 
S4a,  and  S4b  in  Figure  B.3),  and  these  ways  developed  gradually  as  tests  were  tried. 
When  the  executive  was  in  good  shape,  strategy  Ps  and  terminal  patterns  were  added, 
resulting  in  more  executive  modifications  as  still  more  was  found  out  in  doing  tree  search 
over  a  wider  range  of  positions.  The  options  for  the  executive  discussed  in  Section  C 
were  not  tried  until  all  the  gaps  were  filled  in.  Two  features  of  this  mode  of  programming 
are  very  dependent  on  using  PSs:  each  P  does  a  relatively  small  manipulation  to  a  global 
Working  Memory  (half  a  dozen  or  fewer  changes),  and  the  action  of  the  unspecified 
modules  is  usually  the  firing  of  just  one  P,  even  in  their  final  form. 

Several  Kinds  of  control  are  exhibited  in  KPKEG:  iterating  through  sets  of  things  to 
be  tried,  evoking  some  process  and  at  the  same  time  asserting  a  second  signal  to  which 
control  will  fall  back,  and  factoring  a  complex  selection  or  decision  process  into  a  cascade 
of  P  firings.  The  executive  iterates  over  strategies  by  repeatedly  evoking  the  strategy  Ps 
to  get  move  candidates.  The  strategy  Ps  each  assert  a  Working  Memory  item  that 
prevents  repetitions  at  the  same  depth,  amounting  to  a  simple  way  of  keeping  the  context 
of  the  generation.  Within  each  strategy  the  order  in  which  Ps  fire  is  indeterminate,  but 
there  could  easily  be  more  control,  with  nothing  added  to  the  executive.  Another  form  of 
iteration  through  a  generated  set  is  in  using  the  move  candidates  asserted  by  a  single 
strategy.  Each  time  control  falls  back  to  P  S21  (AP  S2a),  it  selects  (with  one  firing)  one  of 
the  candidates,  and  erases  it  so  it  won't  be  considered  agaia 

The  RHS  of  AP  SOc  illustrates  the  way  control  can  be  arranged  to  fall  back  to 
process  signals  stacked  up  in  Psnist’s  :SMPX.  First,  it  evokes  the  Q’s  with  a  "make-move" 
signal,  and  control  falls  back  to  the  stacked  "checK-terminal-position"  signal  (the  second 
conjunct  in  SOc’s  RHS).  This  results  in  evoking  the  terminal  position  patterns  (S30*s)  and  if 
none  fires,  control  flows  to  a  P  that  responds  to  "erase-check-terminal-position",  also 
asserted  by  SOc  (see  AP  S3a).  When  an  exhaustion  of  strategies  occurs  (all  levels  tried  at 
some  depth),  control  falls  back  to  the  appropriate  place  by  re-asserting  the  DEPTH 
instance  (AP  Sib).  The  "new"  DEPTH  is  then  examined  in  connection  with  instances  at  the 
previous  depth  that  recorded  what  was  being  tried  when  the  descent  occurred,  in  order  to 
check  the  results.  A  new  DEPTH  is  also  responded  to  when  an  ascent  occurs  <a  more 
specific  signal  is  not  used),  and  the  response  varies  according  to  whether  move  candidates 
and  untried  strategies  exist  (APs  SOd,  SOa,  SOb,  S2a)  -  here  the  response  is  selected  from 
a  range  of  possibilites,  illustrating  the  potential  for  openness  of  control. 

Control  through  the  factoring  out  of  cases  is  evident  in  two  places  as  a  result  of  the 
boerd  representation,  which  distinguishes  eight  inter-square  relations.  The  king-move  Ps 
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(QlO's)  consist  of  one  P  that  fires  for  all  king  moves  plus  a  set  of  eight,  one  of  which  fires 
to  finish  the  move.  The  means  Ps  for  moving  toward  some  square  are  also  eight  in 
number.  A  strategy  P  decides  what  it  is  to  move  toward  and  a  means  P  fires  to  produce 
that  actual  move  candidates.  This  cascading  of  selections  from  among  sets  of  Ps  is  the 
essence  of  PS  control:  action  sequences  alternate  with  complex  selections  of  what  is  to 
occur  next,  which  allow  potentially  the  application  of  large  amounts  of  knowledge.  As 
more  knowledge  is  applied  in  directing  control  flow,  more  intelligence  will  result  in  the 
overall  process. 

Most  of  the  chess  knowledge  in  KPKEG  is  encoded  in  the  S30*s,  the  Ws,  and  the  B*s, 
whose  content  was  discussed  in  Section  B.3.  The  knowledge  is  exclusively  in  the  form  of 
patterns  for  recognition  (LHSs),  with  relatively  simple  actions  (RHSs).  The  patterns  consist 
of  testing:  locations  and  controlled  squares  for  the  chess  pieces,  inter-square  relations, 
numerical  rank  and  file  properties,  inter-piece  distance,  and  relations  of  pieces  with  each 
other  and  with  the  edges  of  the  board.  The  actions  are  “terminal-win”  signals,  move 
candidates,  or  signals  to  evoke  means  to  move  candidates.  This  simplicity  is  due  to  the 
simplicity  of  chess  knowledge  (at  least  in  K-P-K),  the  condition-action  nature  of  PSs,  and 
the  organization  of  KPKEG  into  executive,  strategies,  etc.  Note  that  even  though  the  Ps 
representing  chess  knowledge  are  not  independent  of  the  containing  strategic  control,  and 
thus  include  control  signals,  the  control  is  minimal  and  uniform  over  functionally  similar  Ps. 
The  design  philosophy  is  to  establish  a  flexible  matrix  into  which  specialized  knowledge  is 
added.  It  is  not  necessary  to  limit  added  knowledge  to  single-P  packages,  as  is  illustrated 
in  several  places  (e.g.  the  W7  Ps).  The  general  properties  of  KPKEG  allow  easy  encoding 
of  chess  knowledge,  but  the  syntactic  features  could  stand  improvement,  as  we  will  discuss 
in  the  next  paragraph. 

Several  features  of  the  PS  architecture  are  especially  awkward  or  inefficient  for  the 
chess  task  in  particular.  (1)  The  primary  inefficiency  in  KPKEG  is  in  finding  one  match 
among  a  set  of  Ps  that  are  constructed  such  that  only  one  match  (or  perhaps  a  small 
number)  in  a  given  situation  is  likely.  This  is  the  case  for  most  of  the  chess  knowledge, 
i.e.,  the  strategies  and  the  terminal-position  patterns.  The  opportunity  for  savings  is  that 
failing  one  match  from  the  set  might  be  used  to  reject  some  set  of  Ps  from  consicteration. 
A  simple  and  effective  remedy  is  to  store  (and  perhaps  represent  externally)  the  Ps  as  a 
tree  of  tests,  where  rejecting  some  branch  in  the  tree  amounts  to  rejecting  the  set  of  Ps 
whose  RHSs  correspond  to  that  subtree’s  terminal  nodes.  (2)  A  related  problem  is  a 
certain  repetitiveness  of  bindings  in  the  patterns.  For  instance,  many  of  the  patterns  start 
out  by  binding  variables  to  the  locations  of  the  kings  and  the  pawn.  This  problem  can  be 
remedied  in  the  same  way  as  the  preceding  one.  (3)  The  Working  Memory  for  the  board 
representation  predicates  is  heavily  loaded,  probably  resulting  in  high  costs  for  patterns 
that  access  a  number  of  board  relations.  Since,  at  present,  the  instances  of  each  predicate 
are  implemented  simply  as  a  list,  there  is  room  for  improvement.  The  match  routine  could 
be  modified  to  evoke  functions  to  compute  relations,  perhaps  resulting  in  a  significant  cost 
saving  over  the  present  access  of  a  long  list.  (4)  There  are  probably  a  number  of 
recurring  pattern  expressions  of  a  chess-specific  nature  that  could  be  made  more  easily 
expressible  by  syntactic  conventions.  These  could  be  obtained  by  detailed  study  of 
existing  Ps  and  by  analysis  of  chess  knowledge.  Further  detail  on  this  is  beyond  the 
present  scope,  since  it  appears  applicable  only  to  chess  tasks. 
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E.  A  Comparison  to  a  Similar  Procram  In  Lisp 


KPKEG  can  be  compared  in  detail  to  a  similar  program  in  Lisp,  developed  by  Perdue 
(1975).  Perdue’s  program,  CP,  can  presently  do  tasks  similar  to  KPKEG’s,  but  is  intended  to 
develop  into  a  much  broader  class  of  chess  endgames.  This  section  will  first  compare  the 
overall  organization  in  the  two  programs.  Differences  in  chess  knowledge  content  and  in 
approach  to  the  problem  give  rise  to  behavior  differences,  to  be  discussed  second. 
Considering  superficial  aspects,  such  as  conciseness  and  efficiency,  also  gives  rise  to 
contrasts,  discussed  third.  Differences  in  the  details  of  representations  and  processing  will 
be  discussed  last. 

The  control  organizations  of  KPKEG  and  CP  are  quite  similar,  ignoring  tor  the 
moment  that  the  means  for  implementing  control  are  radically  different.  The  main  function 
in  CP  is  Findamv  (find-a-move),  which  controls  the  tree  search,  and  calls  other  procedures 
to  recognize  terminal  positions,  to  try  making  moves,  and  to  do  tree  bookkeeping.  Findamv 
is  an  iterative  (as  opposed  to  recursive)  alpha-beta  minimax  procedure,  looping  over  a 
body  of  code  that  either  descends  or  ascends  in  the  tree  according  to  results  of 
subordinate  function  calls.  This  corresponds  roughly  to  the  control  parts  of  the  S  P  group 
(i.e.,  excluding  the  S30’s),  which  in  effect  loop  by  re-examining  the  "check-other - 
strategies"  signal.  The  tree-bookkeeping  functions  correspond  to  S5-S7,  and  the  functions 
called  by  Findamv  to  recognize  terminal  patterns  correspond  to  the  S30*s.  The  major 
action  of  Findamv  is  to  call  the  function  Tryamv  (try-a-move),  which  results  in  a  new  board 
position.  Tryamv  calls  several  functions  in  turn,  the  most  important  of  which  are 
tstere'.Moves  and  Stove2.  Move2  actually  executes  chess  moves  and  corresponds  to  the  Q 
Ps.  More.'Moves  has  a  producer -consumer  relationship  to  the  strategy  function  RG 
(recognize),  and  calls  (Senmvs  (generate-moves)  with  the  results  of  RGL  It  is  "producer- 
consumer"  because  MorelMoves  calls  RG  repeatedly,  each  time  obtaining  something  new,  in 
much  the  same  way  as  the  S  Ps  repeatedly  evoke  the  W’s  and  B’s.  RG  and  its  subordinate 
functions  examine  the  board  and  propose  strategies  in  correspondence  with  KPKEG’s  W 
and  B  Ps,  except  that  RG  produces  an  instantiated  strategy  descriptor  rather  than  actual 
move  candidates.  MorelMoves  takes  RG’s  output  and  passes  it  to  (3enmvs,  which  executes 
(Evals)  the  instantiated  strategy  descriptor  to  produce  actual  move  candidates.  (3enmvs 
thus  corresponds  to  the  move -candidate  assertion  by  the  W  and  B  Ps,  and  also  to  the  M 
Pa. 


In  summary,  the  overall  form  of  control  organization  is  quite  similar  in  the  two 
programs.  KPKEG  maintains  its  control  with  explicit  Working  Memory  items  and  by 
responding  to  new  items  in  Working  Memory,  whereas  CP  uses  the  conventional  Lisp 
control  stack.  But  Ps  in  KPKEG  group  naturally  into  sets  that  functionally  correspond  to 
Lisp  functions  in  CP.e 

KPKEG  and  CP  differ  markedly  in  behavior,  even  though  the  control  organization  can 
be  put  into  the  above  correspondence.  CP  is  not  strongly  based  on  the  strategy  hierarchy 
principle,  but  rather  does  a  mini-max  alpha-beta  search  using  more  conventional  evaluation 
procedures.  Because  of  this  and  because  of  differences  in  the  chess  Knowledge  (e.g.  the 


•  As  far  as  I  know,  the  organization  of  the  two  programs  was  developed  independently. 
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patterns  tested  in  CP’s  RG  don’t  correspond  exactly  to  KPKECs  W  Ps>,  CPs  search  is 
shorter,  covering  around  10  nodes  on  KPKEG’s  Test!  as  opposed  to  40.  CP  is  designed  so 
that  strategies  tend  to  generate  very  tew  moves  at  each  node,  whereas  KPKEG  aims  to 
make  the  strategies  generate  all  conceivable  moves  that  might  lead  to  the  strategic 
objectives  at  the  particular  strategy  levels.  In  addition,  CP  doesn’t  search  through 
alternatives  when  backing  up,  but  returns  all  the  way  to  the  initial  starting  position  and 
try  new  move  sequences  from  there.  Even  though  these  differences  give  rise  to  different 
behavior,  I  maintain  that  they  are  non-essential,  in  the  sense  that  they  could  easily  be 
brought  into  line  without  changing  the  characteristics  of  the  two  programs  on  which  the 
following  comparisons  are  based. 

There  are  a  number  of  differences  between  KPKEG  and  CP  that  are  primarily 
attributable  to  differences  between  Psnist  and  Lisp,  and  secondarily  perhaps  to  the 
difference  in  programmers.  KPKEG  has  140  Ps,  with  a  listing  of  about  900  lines,  whereas 
CP  has  about  270  functions  with  a  listing  of  about  2640  lines.  By  these  (very  crude) 
measures,  KPKEG  is  much  more  concise,  a  factor  of  2  in  elementary  program  units  and  a 
factor  of  3  in  size  of  program  listing.  In  run-time  efficiency,  KPKEG  is  somewhat  worse 
than  CP,  using  20  seconds  per  node  (which  turns  out  to  be  20  P  firings)  as  opposed  to 
about  6  seconds.  Section  0  contains  a  discussion  of  some  possible  causes  for  inefficiency 
in  the  PS,  and  suggests  some  modifications.  In  addition,  it  should  be  pointed  out  that  the 
present  PS  is  done  by  interpretation,  rather  than  by  compiling  the  Ps  into  some  kind  of 
optimal  network,  which  would  have  the  potential  of  speeding  up  the  recognize-act  cycle 
by  avoiding  duplication  in  condition  testing  (see  Chapter  VII). 

The  most  marked  contrasts  between  KPKEG  and  CP  are  in  the  relatively  low-level 
details  of  how  things  are  represented  and  processed.  Where  KPKEG  uses  Working  Memory 
relations  to  represent  the  chess  board,  CP  uses  a  two-dimensional  array,  accessing 
squares  by  their  coordinates.  The  KPKEG  representation  is  actually  dual:  one  way 
expresses  the  eight  intersquare  relations  (e.g.,  C3  to  02  is  the  OIAGRB  direction),  and  the 
second  way  associates  coordinates  to  the  square  names  (e.g.,  RF(F4,  4,  6)).  The  dual 
representation  is  in  part  forced  by  a  peculiarity  of  Psnist,  which  doesn’t  allow  constants  to 
be  expressed  directly  in  the  LHS  match;  using  the  coordinates  as  constants  indirectly 

would  force  a  search  through  64  pairs  of  variable  bindings.  This  becomes  intolerable 

when  one  is  testing  for  two  squares’  having  some  relation  between  them,  requiring  a 
search  through  64  X  64  binding  pairs  to  find  the  right  set  satisfying,  say,  some  arithmetic 
predicate.  (Even  without  the  peculiar  limitation,  convenience  in  programming  and 
readability  of  Ps  might  recommend  the  dual  representation.) 

A  related  feature  is  KPKEG’s  use  of  Working  Memory  for  CONTROLS  relations,  where 
CP  recomputes  them  each  time  they’re  necessary.  CONTROLS  is  used  to  indicate  that  a 
piece  can  move  directly  onto  a  square,  and  is  involved  in  testing,  e.g.,  whether  the  pawn  is 
safe  on  some  square.  For  the  king,  for  instance,  CP  tests  control  of  a  square  by  testing 

whether  the  king  is  on  one  of  the  eight  adjacent  squares,  and  that  in  turn  is  tested  by 

simple  arithmetic  on  the  square’s  co-ordinates.  To  do  this  test  by  co-ordinates  in  KPKEG 
would  not  be  combinatorial  as  mentioned  above,  but  would  be  cumbersome,  requiring 
testing  of  eight  numerical  predicates  between  the  king’s  coordinates  and  the  square’s.  In 
Lisp  the  cumbersomeness  can  be  packaged  into  one  function,  but  to  do  this  "subroutining" 
in  PSs  would  force  breaking  a  single  match  into  three,  one  to  set  up  the  test,  one  to  do 
the  test  (one  of  eight  Ps  might  fire),  and  one  to  finish  matching  the  condition  that  included 
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tho  test.  Some  clumsiness  is  still  inherent  in  the  PS  implementation  of  CONTROLSi  as  is 
illustrated  by  the  King-move  Q  Ps.  There,  eight  Ps  are  required  to  do  the  CONTROLS 
updating  when  a  king  move  is  made,  one  P  for  each  potential  King-move  direction.e  Note 
that  these  eight  are  coded  once,  for  each  chess  piece,  so  that  there  need  be  no  concern 
along  these  lines  in  dynamic  augmentation  situations.  But  the  use  of  extensive  Working 
Memory  relations  like  CONTROLS  (as  opposed  to  intensive  recomputed  relations)  is  a 
mechanism  that  is  essential  when  relations  become  more  complex,  as  they  certainly  do  in 
chess,  and  the  mechanism  is  provided  by  PSs  as  an  essential  architectural  feature. 

Both  programs  represent  the  board  as  a  global  structure  that  is  updated  and 
downdated  as  moves  in  the  search  are  made  and  retracted.  CP  records  necessary 
contextual  information  tor  the  board  at  each  depth  in  a  stack  that  is  correspondingly 
pushed  and  popped,  whereas  KPKEG  uses  a  depth  argument  that  is  attached  to  predicates 
that  store  essential  information  such  as  captured  piece  locations. 

CP  keeps  its  strategies  and  move  candidates  in  a  similar  structure,  a  context  list 
whose  head  (Car)  is  a  list  of  untried  ones  and  whose  tail  (Cdr)  is  the  list  of  old,  tried  ones. 
KPKEG’s  Working  Memory  only  stores,  for  move  candidates,  the  untried  ones,  and  for 
strategies,  the  ones  that  have  been  tried  (STRAT:TRIED).  Each  strategy  P  includes  a 
condition  to  ensure  that  no  STRAT:TRIEO  exists  for  it,  to  avoid  duplication,  whereas  move- 
candidates  are  simply  erased  on  use  (this  doesn’t  guarantee  that  different  strategies  or 
different  Ps  of  the  same  strategy  don’t  generate  the  same  moves,  which  are  then  tried). 
For  each  entry  in  CP's  board-context  stack,  there  is  that  pair  of  lists,  where  KPKEG  marks 
the  elements  with  a  depth  argument.  The  way  CP  handles  generation  of  candidates  for 
these  lists  is  to  generate  a  full  list  and  then  test  whether  the  elements  of  that  list  are  on 
the  appropriate  context  list.  Under  this  regime,  for  instance,  in  the  producer-consumer 
iteration  between  MorelMoves  and  RG,  a  list  might  be  produced,  only  to  discover  that  all 
Its  elements  had  already  been  added  to  the  context  list.  In  practice,  for  the  sizes  of  lists 
encountered  in  CP,  this  is  apparently  not  prohibitively  costly. 

Finally,  we  examine  the  parts  of  CP  where  PS-like  patterns  are  tested.  CP  uses 
uniform  database  procedures  constructed  for  storing  properties,  whereas  KPKEG  uses  the 
existing  Working  Memory.  CP  has  two  functions,  FORALL  and  EX  (Exists),  which  perform 
iteration  over  lists  and  selections  from  lists  according  to  specifiable  Lisp  CONO’s, 
operations  that  are  included  in  the  PS  match.  CP’s  patterns  also  make  more  use  of 
function  calls  to  test  various  conditions  than  do  the  Ps  in  KPKEG.  In  CP,  all  of  the  pattern 
testing  is  under  strict  control  and  is  embedded  in  variable-binding  contexts  that  establish 
the  data  for  the  patterns.  This  is  less  true  of  KPKEG,  although  sets  of  Ps  are  under 
control  of  explicit  Working  Memory  items  asserted  at  specific  points  in  the  control  flow. 
Figure  E.1  gives  a  pattern  roughly  comparable  to  Figure  B.4,  illustrating  the  function¬ 
calling  style  of  the  Lisp  patterns. 

In  PSs,  control  of  which  matches  are  done  is  potentially  more  flexible  and  efficient: 
in  KPKEG,  selection  is  from  an  unordered  set  of  P  conditions,  whereas  a  Lisp  function 
containing  a  set  of  tests  is  executed  in  a  fixed  pre-determined  order.  The  order  of  testing 
of  P  conditions  could  thus  be  rearranged  dynamically  as  different  Working  Memory  states 


•  Some  subroutining  in  the  PS  is  used,  however,  to  handle  what  is  common  to  the  eight, 
for  program  conciseness. 
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mw  IMP  HK  BK) 

(SCTQ  HK  <UK  (TOPBO)))  Z  TOPIO  ■  aurrint  botrS,  al  tep  •!  stack  Z 
(SCTO  BK  (BK  (TOPBO))) 

(SCTo  UP  (can  (phumlist  *uhite))) 

(NNKE  (STRTVm.  (TOPBO))  Z  STBTVaL  ■  static  svaluatlsn,  the  and  rssult  s«  Estia  I 
(COM  (...) 

•  SC 

((UNO  (EO  (BONK  HK)  («  (aONK  HP)  2)>  Z  UK  In  Irsnt  s(  HP  Z 

Z  BRNK  rsturns  the  rank  value  el  the  leeetlsn  el  a  pises  Z 
(o  (BBS  (-  (FILE  UK)  (FILE  UP>>>  1)  Z  <■  Is  leas  than  or  eaubl  t 
Z  FILE  rslurne  the  Ills  value  el  the  local  Ion  el  a  pises  Z 
(HOT  Z  BK  Is  neve  and  net  i  auey  Ires  UP  Z 
(am  (BIN)  Z  BTK  ■  pradleeta  lor  Black  to  sevs  Z 

(■  (OIST  (FILE  BK)  (RaNC  BK)  (FILE  UP)  (RRNK  HP))  1)))) 

Z  OIST  rsturne  dialance  batusan  tus  asusros  Z 
(SUREUIN  UHITE))  Z  SUREHIN  rcturna  a  triple  el  prebebllltiss  Z 
...))) 

Figure  E.1  Fragment  of  Estim  function  of  CP 


Occur.  It  is  conceivable  to  code  a  Lisp  pattern  matcher  that  has  desirable  efficiency 
properties  as  long  as  patterns  to  be  matched  are  not  allowed  to  become  too  arbitrary. 
Efficiency  could  also  be  maintained  in  more  arbitrary  patterns  by  including  heuristic 
information  in  patterns,  to  guide  the  matcher.  This  would  make  adding  patterns  mors 
difficult,  however.  The  PS  approach  is  to  adopt  specific  and  perhaps  stringent  conventions 
which  allow  a  general  procedure  to  compute  an  optimal  matching  strategy.  This  is  not  to 
say  that  such  a  procedure  has  been  developed  yet,  but  there  is  some  indication  that  the 
problem  is  tractable. 
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This  section  will  consider  the  forseeeble  problems  in  extending  KPKEG  to  e  more 
complete  chess  program.  First,  we  consider  some  topics  hsving  to  do  with  the  executive 
and  with  the  strategy  hierarchy  principle.  Then,  we  consider  how  KPKEG  might  be 
extended  to  more  complex  domains.  These  will  require  a  number  of  extensions  to  KPKEG’s 
representational  capabilities,  such  as  more  complex  inter-piece  relations  and  descriptions 
of  dynamic  situations.  In  the  following,  the  emphasis  will  not  be  on  details  of  such 
extensions,  but  on  their  demands  on  the  capabilities  ot  PSs. 

In  the  course  of  the  preliminary  experiments  with  KPKEG  already  described,  several 
features  of  the  strategy  hierarchy  principle  and  the  executive  have  come  to  light.  In  a 
past  try  of  Test  I  in  which  KPKEG  arbitrarily  chose  to  try  E4-D5  as  its  first  move  at  level 
4,  KPKEG  didn't  see  an  opportunity  to  take  the  opposition  and  achieve  its  strategic 
objectives  because  its  strategy  level  was  too  high,  above  the  level  for  the  opposition 
strategy.  In  general,  it  seems  to  be  the  case  that  two  things  are  not  quite  right:  the 
present  ordering  in  the  hierarchy  may  not  be  correct,  requiring  experiments  with 
alternative  orderings:  and  the  whole  level -oriented  focus  may  be  too  narrow,  requiring 
opening  it  up  somehow  to  allow  strategies  to  take  over  that  look  much  closer  to  being 
successful,  rather  than  sticking  to  a  strategy  that  requires  more  search  and  whose  success 
is  not  strongly  indicated  in  the  present  situatioa  With  respect  to  re-ordering  the  strategy 
hierarchy,  it  would  be  easy  to  change  the  appropriate  Ps  to  different  levels  by 
substituting  a  different  level  constant.  But  attention  must  also  be  given  to  whether  the 
principle  is  itself  unattainable  with  the  fine  distinctions  between  levels  at  present. 
Perhaps  fewer  than  seven  levels  is  more  apropriate  for  K-P-K,  or  perhaps  no  ordering  it 
correct  in  all  situations. 

With  respect  to  the  narrowness  of  focus,  perhaps  the  most  promising  approach 
would  be  to  set  up  a  few  specialized  patterns  that  would  match  and  redirect  the  program's 
attention  when  the  board  is  changed,  before  the  ordinary  strategies  are  evoked.  For 
instance,  it  might  be  useful  to  recognize  situations  where  king  moves  result  in  having  the 
black  king  move  out  of  the  square  so  that  the  pawn  is  clear  to  advance;  or  situations 
where  the  pawn  is  left  open  to  attack  in  the  course  of  some  other  strategic  maneuvers.  A 
more  radical  change  to  KPKEG  would  be  to  reorganize  the  strategies  to  be  much  more 
bottom-up,  analyzing  the  board  in  terms  of  what  looks  possible,  rather  than  top-down  as 
at  present,  setting  up  goals  to  try  particular  things  in  a  predefined  order.  This  would 
probably  require  much  better  descriptive  capabilities  as  described  below. 

Finally,  with  respect  to  the  strategy  hierarchy,  on  the  tests  tried  there  appears  to 
be  no  need  for  the  standard  alpha-beta  minimax  procedure;  i.e.,  the  search  always  stays  in 
the  region  above  "alpha",  converging  on  the  best  available  move  from  above.  A  proof  or 
refutation  of  this  property  may  emerge  as  the  principle  is  exercised  on  chess  tasks  that 
aren't  as  limited  as  K-P-K.e 


•  None  of  the  difference  ot  40  nodes  searched  versus  10  nodes  tor  CP  are  due  to  alpha- 
beta  considerations. 
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Thare  are  simple  variations  on  the  present  task  domain  that  introduce  rww 
complexities  and  that  may  force  major  changes  in  the  basic  descriptive  elements  thet  the 
Ps.work  with.  The  tests  used  for  KPKEG  deal  with  relatively  localized  situationa,  as 
opposed  to  ones  requiring  many  moves  to  bring  the  pieces  together  for  the  localized  rules 
to  apply.  Such  a  situation  is  illustratad  in  Figura  F.l. 


M. 


. IP 

Figura  F.l  A  non-localized  K-P-K  position 


This  class  of  situation  requires  at  least  the  use  of  special  strategies  that  generate  fewer 
alternative  move  candidates,  and  candidates  that  are  more  specifically  directed  towerd 
particular  distant  squares,  than  the  present  move-towards  means.  It  also  requires  that  the 
maximum  search  depth  be  increased  (from  its  present  setting  of  9)  or  allowed  to  be 
changed  as  the  situation  demands.  (Perhaps  maximum  depth  is  the  wrong  approach^  but 
there  will  probably  remain  the  idea  that  at  some  point  the  situation  requires  a  static 
evaluation  such  as  the  one  done  now  when  the  maximum  depth  is  reached.) 

Tasks  with  more  than  one  pawn  introduce  considerable  complexity.  A  typical 
situation  is  given  in  Figure  F.2.  Some  salient  features  of  such  tasks  are:  the  nec'essity 
for  the  white  King,  as  well  as  the  black,  to  broaden  its  strategy  to  stop  enemy  pawn 
advances;  the  necessity  to  divide  the  board  into  two  or  more  sectors  of  activity  that  are 
to  some  extent  independent  of  other  such  sectors;  and  the  necessity  to  describe  relations 
between  such  sectors,  with  particular  attention  to  the  ways  in  which  individual  pieces  can 
perform  functions  in  more  than  one  sector. 


. 
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Figure  F.2  A  task  presently  beyond  KPKEG’s  capabilities 


As  we  have  pointed  out  several  times  above,  advances  in  KPKEG’s  power  depend  on 
enriching  its  board  representation.  Three  levels  of  descriptive  organization  can  be 
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distinguished:  relations,  which  are  computed  directly  from  the  beard,  for  instance, 
CONTftOLS  in  KPKEG;  chunks,  which  combine  several  relations,  usually  labelling  commonly 
recurring  or  important  combinations:  and  board  sectors,  which  are  the  semi'independent 
units  of  snalysis  described  above  in  connection  with  more  complex  endgame  tasks.  For 
KPKEG,  which  already  has  relations  to  a  limited  extent  as  Working  Memory  items,  it  is 
feasible  to  have  relations,  chunks,  and  even  sector  divisions  computed  when  the  board  is 
updated,  by  Ps  that  recognize  conditions  that  make  or  break  the  descriptive  units.  These 
Ps  would  not  need  to  be  specifically  evoked,  but  would  work  in  a  bottom-up  fashion  (the 
considerstions  of  efficiency  discussed  in  Section  D  would  apply  here).  Note  that  in  already 
having  some  relations,  and  in  the  proposed  updating  capability,  KPKEG  is  superior  to  CP, 
where  additional  ad  hoc  procedures  and  calling  conventions  would  be  required.  CP  and 
other  similar  program  structures  would  probably  find  it  difficult  to  direct  their  activity  in  a 
recognition-oriented  bottom-up  mode,  since  the  structure  lends  itself  so  easily  to  the 
contrary  top-down  mode.  It  is  envisioned  that  having  better  descriptive  capabilites  would 
prove  advantageous  in  expressing  strategy  Ps  and  similar  patterns,  in  changing  KPKEG  to 
be  more  botlom-up  as  just  described,  and  in  allowing  patterns  such  as  those  constructed 
by  KPKEG  itself  to  recognize  terminal  position  classes  instead  of  specific  positions. 

Several  specific  features  of  KPKEG  are  troublesome  with  respect  to  more  ambitious 
applications  to  chess.  One  is  the  problem  of  using  the  present  Ps  for  a  game  in  which 
Black  has  the  pawn.  The  Ps  do  not  mention  Black  or  White,  using  a  Working  Memory 
instance  (KPK:HASP)  to  determine  which  color  the  pawn  is.  But  Ps  that  test  board 
configurations  rely  heavily  on  the  orientation  of  the*  board:  "forward*  is  always  towards 
White's  eighth  rank  (Black's  home  row).  A  solution  might  be  to  transform  the  entire  board 
representation  so  that  it  would  be  reversed  with  respect  to  the  external  game  but  would 
internally  match  the  white-pawn  assumption.  Another  feature  of  KPKEG  is  the 
repetitiveness  of  the  search.  The  specific  strategies  may  be  at  fault  for  generating 
duplicate  moves;  the  strategy  hierarchy,  or  its  implementation  as  seven  levels,  may  be  at 
fault;  or  it  may  simply  be  necessary  to  implement  a  more  general  mechanism  to  prune 
duplicates.  The  general  mechanism  might  consist  of  Ps  that  would  record  the  results  of 
specific  moves  in  specific  situations  so  that  all  future  searches  could  take  advantage  of 
past  effort.  This,  of  course,  has  benefits  beyond  simply  preventing  duplicates.  It  also 
raises  an  issue  that  is  pertinent  even  to  the  present,  limited  P-building  scheme.  That  is, 
how  can  the  number  of  Ps  added  be  ultimately  controlled,  so  that  the  set  of  Ps  converges 
to  a  more-or-le$s  stable  size,  or  at  least  somehow  avoids  all  possible  board  placements  for 
each  pattern?  Perhaps  the  convergence  will  occur  when  more  powerful  descriptive 
devices  are  used,  e.g.,  the  chunks  mentioned  above.  Using  more  abstract  descriptors  of 
the  board  in  this  way  would  result  in  Ps  with  greater  generality,  and  in  fewer  distinct  Ps 
overall.  An  alternative  is  a  scheme  of  generalization  that  might  collapse  a  set  of  existing 
Ps  into  one  according  to  a  general  procedure.  At  present,  only  indications  of  the  need  for 
further  research  can  be  put  forward. 

Finally,  we  briefly  consider  some  requirements  for  improved  chess  programs  as  put 
forward  by  Berliner  (1973,  1975a).  The  basis  for  the  improvements  to  be  considered  is 
the  idea  of  a  causality  facility,  whose  purpose  is  to  determine  why  a  search  fell  short  of 
aspirations.  It  must  differentiate  between  failure  for  superficial  reasons  (a  particular 
move,  for  instance)  or  for  deep  ones  (inherent  features  of  the  situation).  The  first  specific 
improvement  comes  from  the  idea  of  building  a  refutation  description  as  a  result  of  a 
search  that  failed  strategically.  The  refutation  description  includes  features  of  the  position 
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•nd  of  the  search  that  the  causality  facility  proposes  as  essential  to  the  failure.  It  is  used 
by  move  generators  that  try  to  counter  those  features,  thus  giving  the  program  a  way  of 
restricting  available  move  choices.  For  K'P-K,  the  implementation  of  this  idea  would  result 
in  searches  with  fewer  branches  than  in  KPKEG,  but  with  the  option  of  generating  specific 
extra  branches  to  meet  specific  demands.  Since  move-generators  are  Ps  in  KPKEGv  the 
immediate  approach  to  try  would  be  to  build  specific  Ps  sensitive  to  elements  of  a 
refutation  description  in  Working  Memory.  The  second  improvement  comes  from  the  idea 
of  lemmas.  Lemmas  are  the  followup  of  a  causality  analysis,  functioning  to  reject  lines  of 
play  on  the  basis  of  a  description  of  a  difficulty  that  is  known  to  be  fatal  to  all  such  lines 
of  play.  The  PS  approach  to  this  involves  building  a  P  to  act  as  a  "demon"  to  recognize 
such  situations  and  immediately  refute  moves  that  don’t  surmount  the  difficulty. 

We  can  rtow  review  the  progress  KPKEG  has  made  toward  its  aim  of  establishing  PSs 
as  a  viable  architecture  for  chess  programming,  especially  in  comparison  with  Lisp  and 
other  conventional  architectures.  The  standard  variety  of  search  in  a  tree  of  moves  has 
been  readily  implemented,  using  knowledge  in  Ps  to  significantly  reduce  the  amount  of 
search.  Modular  sets  of  Ps  cooperate  smoothly  to  achieve  an  overall  organization  similar 
to  a  subroutine  hierarchy,  but  with  more  flexibility  and  openness  than  subroutines.  PSs 
are  a  concise  and  easily  augmentable  way  of  representing  strategic  knowledge  in  chess. 
PSs  are  also  appropriate  for  complex  selections  and  behavior  that  frequently  requires 
complex  choices.  The  present  implementation  has  been  useful  as  a  pilot  study  of  the  K-P- 
K  task,  lending  itself  to  explorations  of  various  options  and  to  development  of  control 
kr>owledge  incrementally.  Explorations  of  optiorvs  take  place  usually  by  simple 
modifications  in  RHSs  of  Ps  and  by  splitting  an  existing  P  into  two  or  more  finer 
discriminations,  for  action  alternatives.  The  PS  approach  shows  significant  promise  for 
bottom-up  action,  i.e.,  action  intimately  connected  to  the  immediate  problem-solving 
situation,  which  seems  desirable  in  comparison  to  top-down  hierarchically-controlled 
direction  of  action.  There  is  the  possibility  of  syntactic  modifications  to  improve  efficiency 
and  smoothness  of  expressidin  of  chess  patterns.  Finally,  approaches  to  more  complex 
chess  tasks  are  well  within  current  PS  capabilities,  with  natural  and  immediate  application 
to  several  proposed  mechanisms  for  improving  the  state  of  chess  programming  technology. 
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Chapter  VI 


MiiiPS/WBiox 

A  Natural  Language  Input  Toy  Blocks  Problem  Solver 


Abstract.  The  MiliPS/WQlox  production  system  is  a  combination  of  two  major  systems,  one 
for  processing  a  simple  subset  of  natural  language  and  the  other  for  solving  problems  in  a 
simple  toy  blocks  domain.  The  emphasis  of  the  natural  language  part  is  to  study  some 
problems  of  ambiguity  and  to  illustrate  a  direct,  non-syntactic-parsing  approach  to 
understanding  natural  language.  The  blocks  problem  solver  deals  with  simple  blocks 
manipulations,  but  deals  with  them  in  a  general  way.  It  features  a  simple  goal-subgoal 
mechanism  and  conventions  that  allow  choicepoints  for  a  backtracking  search.  The  blocks 
manipulations  are  a  close  imitation  of  Winograd’s  Planner  system. 
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MilfPS/WBlox 


A.  Introduction 


k^liPS  is  a  production  system  (PS)*  implementation  of  an  extension  of  MILISY  (rQini- 
(ifiguistic  system),  a  mini-program  used  to  illustrate  natural  language  processing  in  the  CMU 
Af  course.  MILISY  takes  in  facts  about  a  toy  blocks  scene  in  restricted  natural  language, 
builds  up  a  database  of  those  facts,  and  answers  queries  about  them.  This  chapter 
presents  MiliPS  in  two  versions.  The  first  version,  consisting  of  k*liPS  alone,  augments  the 
language-processing  aspects  of  MILISY,  while  the  second,  consisting  of  a  further 
augmentation  of  MiliPS  plus  another  system,  WBlox  (W  for  Winograd),  emphasizes  block- 
manipulation  problem-solving  aspects. 

kAliPS  aims  to  make  the  language  processing  more  complete  than  MILISY,  In  being 
able  to  give  information  on  and  query  more  features  of  the  blocks  scene.  The  language 
that  MiliPS  understands  is  composed  of  descriptive  attribute  values  (adjectives),  nouns, 
main  sentence  function  words,  prepositional  phrases  representating  relations  between 
objects,  and  subordinate  clauses  that  can  be  used  to  further  refine  descriptions  of  objects. 
This  language  can  be  expressed  as  an  ambiguous  context-free  grammar,  but  lUiliPS  does 
not  proceed  by  extracting  the  grammatical  structure  of  its  input  as  a  pars*  tree. 
Ambiguities  are  resolved  by  flexible  use  of  features  of  the  scene,  essentially  as  soon  In 
the  process  of  scanning  the  input  as  is  logically  possible. 

The  blocks  manipulations  that  constitute  WBlox  are  based  closely  on  the  problem- 
aolving  part  of  Winograd’s  SHRDLU  program  (Winograd,  1972).  That  subsystem  of  SHRDLU 
was  coded  in  Micro-Planner  (Sussman  and  Winograd,  1970;  henceforth,  referred  to  as 
Planner),  a  language  specifically  designed  to  make  certain  heuristic  search  operations 
automatic.  WBlox  moves  single  objects  (rectangular  blocks  and  pyramids)  between 
locations  in  the  scene  without  spatial  rotation,  finds  locations  to  put  them,  builds  stacks  of 
them,  and  packs  them  compactly  into  a  space  if  necessary.  WBlox  uses  a  hierarchical  goal- 
subgoal  structure  to  break  big  operations  down  into  more  primitive  ones,  with  a  set  of 
indivisible  primitives  consisting  of  moving  the  hand  to  specific  locations,  grasping  objects, 
and  letting  go  of  objects.  At  certain  key  points  in  the  problem  solution  process,  arbitrary 
choices  are  made,  requiring  WBlox  to  record  its  choice  and  the  context,  so  thet  corrections 
are  possible  later  in  response  to  unforeseen  difficulties.  The  particular  approach  to  the 

through  the  space  of  choices  in  WBlox  is  intended  to  imitate  the  Planner  approach, 
not  to  represent  the  best  scheme  for  PSs,  which  it  certainly  isn’t. 

The  toy  blocks  domain  has  features  that  are  abstractions  of  a  much  more  general 
domain  of  discourse.  It  is  composed  of  objects  that  have  certain  non-changeable 
rttfibyites,  and  that  enter  into  relations  with  other  objects.  This  certainly  models 
(abstractly)  the  physical  world  in  which  humans  move,  but  it  also  goes  much  further, 
representing  important  aspects  of  human  sociocultural  organization,  of  economic  systems, 
and  of  numerous  more  abstract  formal  (or  informal)  disciplines  such  as  computer 
programming.  (A  piece  of  a  computer  program  has  attributes,  e.g.  what  it  is  intended  to 
do,  and  relations,  e.g.  dependence  on  other  code  for  its  inputs;  there  can  be  several  pieces 
of  code  competing  for  the  same  space  within  a  "block"  of  computer  storage,  etc.)  Of 


•  PS  will  abbreviate  production  system,  plural  PSs;  P  will  abbreviate  production,  plural  Ps. 
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course,  how  relationships  and  attributes  are  structured  In  real  domains  does  not 
correspond  to  how  they  are  treated  in  toy  blocks,  but  it  is  to  be  hoped  that  some  of  the 
more  general  techniques  that  work  with  a  blocks  domain  might  carry  over,  requiring  only 
modification  of  the  detailed  semantics  of  specific  relations  and  attributes. 

That  correspondence  to  more  important  problems  provides  some  motivation  for 
pursuing  the  present  study.  More  motivation  comes  from  the  desire  to  develop  a  flexible 
PS-based  approach  to  natural  language  processing,  and  to  test  its  feasibility  on  a 
significant  and  classical  AI  task.  WBlox  also  provides  the  opportunity  to  compare  a  PS 
program  to  a  functionally  similar  one  written  in  Planner.  It  may  also  provide  future 
comparisons  to  other  AI  programming  systems  and  proposals,  and  act  as  a  benchmark. 

For  those  familiar  with  Winograd's  <1972)  program,  I  will  summarize  the  primary 
differences  between  the  MiliPS/WBlox  system  and  SHRDLU.  The  blocks  part  of  SHRDLU  has 
direct  analogs  in  WBlox,  except  that  WBlox  doesn’t  do  quite  all  of  the  bookkeeping  and 
memory  functions  (such  as  remembering  all  the  steps  of  a  plan  so  they  can  be  "executed” 
at  the  end  of  planning).  This  only  means  that  MiliPS  can’t  answer  questions  about  why  it 
did  various  steps  in  performing  a  particular  command,  and  when  it  did  them.  The  language 
understanding  part  of  SHROLU  is  much  more  capable  than  MiliPS.  The  internal 
representation  Is  not  as  rich  in  K4iliPS,  especially  in  semantic  attributes,  e.g.  "manipulable", 
end  the  language  doesn’t  give  full  access  to  featues  of  the  representation  that  it  does 
have,  like  size  and  location.  It  recognizes  only  the  imperative  form  of  verbs,  and  can’t 
deal  with  other  more  descriptive  references  to  the  commands  that  it  can  do.  It  doesn’t 
Interact  to  resolve  ambiguities  as  SHROLU  did,  but  simply  gives  an  error  message  and  waits 
for  a  corrected  version  of  the  sentence.  It  is  unable  to  dynamically  define  new  words  as 
SHRDLU  was  apparently  able  to  do.  Finally,  there  is  very  little  in  the  way  of  language 
generation.  Its  replies  are  mostly  fixed,  and  the  ones  that  aren’t  fixed  are  descriptive, 
giving  (stupidly)  all  the  attributes’  values  for  an  object  or  all  the  relations  it  has  with 
other  objects,  in  order  to  tell  the  user  about  the  object.  On  the  other  hand,  it  is  quite 
capable  of  handling  most  of  the  ambiguities  and  re^rence  problems  that  SHRDLU  did, 
except  references  to  objects  in  other  sentences  of  a  conversation,  using,  e.g.,  pronouns.  It 
has  captured  many  desirable  features  that  go  with  a  problem-solving  system  such  as 
WBlox,  and  is  a  satisfactory  first  approximatioa 

The  approach  here  has  been  in  a  way  opposite  to  Winograd’s.  MiliPS  started  out  as 
a  comparison  of  PSs  to  MILISY,  a  program  with  very  modest  aspirations  and  serious 
deficiencies  in  dealing  with  its  model  of  the  blocks  scene.  K4iliPS  first  overcame  those 
deficiencies,  and  went  rather  far  beyond  any  conceivable  extensions  of  MILISY  within  its 
own  control  structure,  which  was  a  more  traditional  phrase-structure  transformational  one. 
Any  comparison  of  PSs  with  that  structure  is  not  possible  now  because  it  would  require 
either  large  extrapolations  in  MILISY’s  abilities  or  actually  trying  to  extend  the 
implementation  to  compare  with  MiliPS.  After  kfiliPS  had  supposedly  been  refined  to  a 
stable  version,  the  blocks  manipulation  task  came  along,  and  the  urge  to  use  k4iliPS  as  an 
interface  to  a  blocks  problem  solver  was  irresistable.  But  only  a  minimal  sort  of  extension 
to  MiliPS  could  be  justified  since  the  blocks  manipulations  were  more  central  to  the  goals 
of  investigating  the  properties  of  PSs.  Thus  the  language  is  only  a  convenience  in  the 
final  MiliPS/WBlox  system.  Winograd  on  the  other  hand  concentrated  on  linguistic  issues, 
and  tacked  on  the  blocks  program  as  an  easy  means  toward  illustrating  the  power  of  his 
linguistic  understanding  system. 
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The  structure  of  this  chapter  reflects  the  dual  history  and  forced  Juxtaposition  of 
two  lines  of  research.  Section  B  and  Section  C  are  devoted  solely  to  describing  MiliPS:  its 
overall  structure,  the  input  language,  how  the  language  deals  with  describing  ell  the 
desired  features  of  the  limited  blocks  scene,  and  the  system  it  uses  to  disambiguate 
complex  descriptions.  The  latter  section  gives  more  complete  details  of  the  actual  PS 
structure.  Section  D  and  Section  E  do  corresponding  things  for  the  WBlox  system, 
touching  only  in  passing  the  nature  of  the  extensions  to  MiliPS  that  were  required.  Near 
the  beginnings  of  both  descriptions,  some  typical  sentences  and  behaviors  are  discussed. 
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This  section  gives  a  general  overview  of  MiliPS,  postponing  details  until  the  next 
section.  Section  B.1  first  discusses  a  few  of  the  tests  given  to  the  program,  with  only 
vague  descriptions  of  the  processing  done.  It  then  gives  a  precise  description  of  the  task 
domain,  including  a  grammar  for  the  input  language  and  a  systematic  presentation  of 
semantic  capabilities.  Section  B.2  uses  very  abstract  Ps  to  describe  the  way  the 
program  works  and  outlines  the  processing  of  an  input.  Several  levels  of  semantic 
processing  are  distinguished.  Section  B.3  discusses  PS  control  and  organization,  low- 
level  PS  features,  representation,  and  the  expected  extensibility  of  the  present  approach 
to  syntax  and  semantics. 


B.1.  Features  of  the  task 

MiliPS  has  been  tested  on  a  set  of  25  sentences,  forming  a  continuous  conversation 
about  a  single  growing  scene.  The  full  dialog  is  given  in  Appendix  C,  along  with  trace 
information  that  will  be  explained  in  Section  C.  The  following  sentences  will  give  the 
reader  some  idea  of  its  capabilities. 

MiliPS  starts  out  with  no  initial  scene,  building  up  everything  from  descriptions  of  a 
scene  by  the  user. 

INPUT  1:  (A  LARGE  GREEN  BLOCK  IS  ON  A  TABLE) 

In  response  to  the  first  part  of  1,  MiliPS  creates  a  block,  adds  ”size  large”  and  "color 
green"  to  its  internal  representation.  It  creates  a  table  after  scanning  the  rest  of  the 
input,  and  adds  "color  red"  to  its  representation.  Finally,  it  notes  the  relation  "on” 
between  the  two  new  objects. 

REPLY  1:  (OKAY) 

MiliPS  indicates  with  the  first  reply  that  it  has  used  everything  in  the  input  and  hasn*t 
noticed  any  unresolved  ambiguities,  inconsistencies,  etc. 

In  three  test  sentences  (not  shown)  MiliPS  has  been  told  about  a  ball  on  the  block, 
and  is  able  to  determine  that  the  description  in  5  refers  to  that  particular  ball. 

INPUT  5:  (THE  BALL  ON  THE  BLOCK  IS  SMALL) 

The  relation  "on  the  block"  is  necessary  because  there  is  a  second  ball  in  the  scene.  The 
effect  here  is  to  add  "size  small"  to  the  internal  representation  for  the  ball. 

REPLY  5:  (OKAY) 

The  first  five  inputs  describe  a  scene,  and  the  next  five  primarily  ask  questions  on 
that  scene. 

INPUT  7:  (WHAT  IS  BLUE) 

The  query  asks  for  all  objects  that  have  the  color  blue.  MiliPS  processes  "what"  by 
forming  a  set  of  all  the  objects  in  the  scene;  "what"  is  essentially  a  very  ambigous  noun 
phrase.  Then  it  applies  any  further  predicates  in  the  sentence  as  restrictions  to  that  set, 
and  if  anything  is  left  when  the  end  of  the  sentence  is  reached,  it  describes  it  as  its 
answer. 

REPLY  7:  (THE  BLUE  BALL)  (THE  SMALL  BLUE  BALL) 

In  describing  objects,  it  uses  whatever  attributes  it  Knows  about  that  object,  which  happen 
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to  be  size  and  color,  taken  in  that  fitted  order.  Note  that  its  two  deacriptiona  are  not 
neceaaarily  unambiguous,  and  in  this  case  would  be  insufficient  as  references  in  an  input. 
That  is,  in  Order  to  refer  to  the  first  bell,  an  input  would  have  to  include  some  relation  that 
didn’t  also  hold  for  the  second  (which  relation  may  in  fact  not  exist). 

INPUT  10:  (IS  THE  BOX  ON  THE  TABLE  NEAR  THE  BLOCK) 

MiliPS’s  scene  is  sufficient  to  determine  that  after  '^x*  the  question  Is  about  a  particular 
object,  the  only  box  in  the  scene.  Tha  reletion  ”on  the  table*  is  already  true  of  the  box, 
so  it  is  redundanti  if  the  question  ended  after  lable*,  MiliPS  would  answer  "yes".  MiliPS 
notes  the  redundancy  and  continues  on,  willing  to  abandon  that  answer  if  something 
negative  comes  along.  The  second  relation,  "near  the  block",  is  in  fact  inconsistent  with 
both  preceding  objects,  i.e.,  it  can’t  be  referring  to  either  the  table  Or  the  box. 
Inconsistency  can  mean  that  the  system  has  definite  information  to  the  contrary,  or  it  can 
mean,  as  in  this  case,  that  no  information  exists  one  way  or  the  other. 

REPLY  10:  (NO  INFORMATION  ON  RELATION  NEAR) 

It  really  means  "on  the  relation  near  between  those  two  objects*.  Note  that  it  can  do  no 
deduction  on  other  information  that  it  has  about  the  objects.  For  Instance,  it  might 
reasonably  deduce  that  nearness  held  if  the  block  were  in  the  box. 

Once  again,  some  declarative  inputs  will  be  skipped,  to  get  to  a  sentence  with  new 
features. 

INPUT  22:  (WHERE  IS  THE  BALL  IN  THE  BOX  ON  THE  RED  FLOOR  THAT  IS  RED) 

"The  ball"  is  ambiguous  to  start  with,  as  is  "the  box*.  A  unique  box  is  determined  because 
the  floor  is  unique  as  described.  When  the  floor  is  found,  the  system  knows  that  there  is 
•n  unused  relation,  "on",  and  backs  up  in  a  list  of  the  current  objects  to  resolve  the  box 
ambiguity.  The  same  process  applies  to  the  "in",  but  the  ball  remains  ambiguous.  The  scan 
through  the  sentence  continues,  and  "that  is  red"  is  found  to  be  redundant  with  respect  to 
the  floor  (the  program  only  checks  semantic  redundance,  not  the  superficial  redundance 
that  "red"  has  already  been  used  to  describe  the  floor).  The  redundance  leads  the 
program  to  look  back  in  the  list  of  current  objects  for  something  that  redness  can  apply 
to,  and  finds  the  main  subject,  the  ball.  The  end  of  the  sentence  is  reached,  so  a  reply  Is 
constructed. 

REPLY  22:  (THE  LARGE  GREEN  BALL  IS  NEAR  IT)  (THE  SMALL  RED  BALL  IS  IN  THE  UN- 
RED  BOX) 

A  "where"  sentence  prompts  MiliPS  to  give  the  relations  that  an  object  has  with  others, 
and  also  the  relations  that  other  objects  have  with  it.  In  the  first  reply  above,  "it*  refers 
to  the  small  red  ball  (the  program  doesn’t  keep  track  of  the  proper  order  of  its  replies, 
though  it  easily  could).  The  "un-  red  box*  is  one  that  MiliPS  has  only  been  informed  of  as 
being  not  red.  Making  the  reply  use  a  subordinate  clause  was  not  considered  important 
enough  to  warrant  the  further  necessary  Ps,  so  the  "un-”  form  was  adopted. 

A  final  query  exercises  the  ability  to  extract  questions  and  use  relations  that  are 
separated  from  the  objects  to  which  they  refer. 

INPUT  25:  (IS  THE  BALL  NEAR  THE  GREEN  BALL  IN  THE  BOX  THAT  IS  NOT  ON  THE  RED 
TABLE  BLACK) 

Here  the  box  is  not  disambiguated  until  the  end  of  the  clause  that  follows  it,  and  the 
subject  ball  is  not  disambiguated  until  the  box  is.  The  "in  the  box"  relation  restricts  the 
subject  ball,  and  "near  the  green  ball"  stands  by  itself  and  also  restricts  the  subject  ball. 
(It  was  somewhat  troublesome  to  construct  such  a  test.) 

REPLY  25:  (NO  INFORMATION  ON  COLOR  BLACK) 
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The  final  word  in  25  expresses  the  question.  MiliPS  Knows  the  ball  is  red,  but  cannot 
deduce  that  it  is  thus  not  black,  and  instead  says  it  doesn’t  have  positive  or  negative 
information. 

The  tests  given  to  MiliPS  are  all  expressed  in  a  language  with  fairly  rigid  form, 
which  can  be  described  with  a  context*free  grammar.  Since  grammar  was  not  deemed  of 
primary  importance,  a  simple  form  with  adequate  power  for  the  task  at  hand  was 
preferred.  The  language  is  adequate  in  the  sense  of  being  able  to  express  descriptions  of 
objects,  their  relations,  and  their  attributes,  and  it  is  sufficiently  ambiguous  to  offer 
significant  problems  of  referent  determination.  As  others  have  pointed  out,  a  strictly 
grammatical  approach  to  processing  natural  language  cannot  suffice  to  explain  or 
understand  ordinary  language  use  by  humans,  so  the  actual  approach  taken  on  the  given 
grammar  is  one  that  perhaps  will  work  in  a  situation  where  the  language’s  apparent 
grammar  is  much  more  complex,  but  where  grammar  is  largely  disregarded  and 
understanding  is  driven  by  semantics  and  pragmatics.  MiliPS  puts  each  word  scanned  into 
a  word  class,  and  simply  checks  the  word  class  of  the  preceding  word  to  see  if  the 
grammar  would  allow  such  an  adjacency.  No  more  global  context  (phrase  structure  or 
parse  tree)  is  used  tn  this  simple  error  checking,  except  that  in  a  couple  of  cases  the  main 
sentence  type  is  used  to  help  determine  the  exact  word  class.  Almost  complete  reliance 
for  detecting  anomalies  is  thus  on  the  semantic  phase  of  the  analysis.  For  more  detail  on 
the  structure  built  to  represent  the  input,  and  to  verify  that  it  isn’t  a  parse  tree,  see 
Section  B.2. 

The  input  language  for  MiliPS  is  given  in  Figure  B.l.  There  are  six  major  types  of 
sentences  (<S>’s),  which  are  given  in  the  first  line  of  the  syntax.  <SD>  Is  a  simple 
declarative  sentence,  <SE>  tells  MiliPS  of  the  existence  of  a  now  object,  <SQD>  is  a  query 
about  a  definite  object,  <SQE>  is  a  query  for  the  existence  of  some  object  as  described, 
<SQW>  is  a  query  that  seeks  an  object  (or  all  such)  satisfying  a  description,  and  <SQWR> 
asks  the  relative  location  of  an  object. 

The  two  main  subcomponents  of  the  grammar  are  object  descriptors,  <OBJ-DESCR>, 
and  predicates  or  relations  of  objects,  <REL-PRED>.  "Predicates"  are  attributes  inherent  In 
an  object,  while  "relations"  place  the  object  in  the  toy  scene,  giving  adjacency, 
containment,  etc.  relations.  A  glance  at  the  last  few  lines  of  the  syntax  gives  a  good  idea 
of  the  limitations  of  the  domain  of  discourse. 

Needless  to  say,  this  grammar  is  highly  ambiguous,  in  particular  with  regard  to  the 
referent  of  a  <RELPHR>  or  <RELCL>.  The  universe  of  discourse  consists  of  a  "scene"  with 
five  kinds  of  objects,  which  have  attributes  size  or  color,  and  which  can  be  in  certain 
relations  to  one  another.  Any  object  can  usually  be  described  fully  using  the  appropriate 
combination  of  attributes  and  relations.  Exceptions  can  easily  be  generated  by  describing 
duplicates  of  some  objects,  but  these  are  ambiguous  in  this  context  anyway.  MILIST 
doesn’t  have  the  property  that  an  object  with  a  unique  description  can  be  described  in  its 
input  language  (it  doesn’t  have  subordinate  clauses  or  the  ability  to  conjoin  relational 
phrases).  MiliPS  corrects  this  defect,  white  introducing  possibility  for  ambiguity. 

Ambiguities  are  resolved  in  a  "natural"  way.  A  phrase  applies  to  the  object 
immediately  preceding  it,  unless  it  is  inconsistent  with  it,  in  which  case  it  applies  to  the 


VI-7 


B.1 


Overview  of  MiliPS 


MIIIPS/WBIim 


ai 


<8> 

<so> 

<SE> 

<SQO> 

<SQE> 

<S0W> 

<50WR> 

<OBJ-DESCR> 

<COP> 

<REL-PRED> 

<REL-RELCL> 

<OPT-RELCL> 

<INOEF-OBJ-DESCR> 

<DEF-OBJ-OESCR> 

<MOO-SEO> 

<AVPHR> 

<RELPHR> 

<RELCL> 

<N> 

<AV> 

<REL> 

<RELPRON> 


•»  <S0>  I  <SE>  I  <SQO>  I  <SOE>  I  <SOW>  |  <SQWR> 

»  <0BJ-0ESCR>  IS  <REl-PREO> 

»  THERE  <COP>  <iNOEF-OBJ-DESCR> 

>  IS  <OEF-OSJ-OESCR>  <REL-PREO> 

»  IS  THERE  <INDEF^BJ-DESCR>  <REL.RELCL> 

»  WHAT  <OPT-RELCL>  <COP>  <REl.PREO> 

>  WHERE  IS  <DEF^BJ-DESCR> 

-  <IN0EF-O8J-0ESCR>  |  <OEF.OBlM)ESCR> 

»  IS  I  IS  NOT 

»  <RELPHR>  I  <AV> 

»  <RELPHR>  I  ■(RELCL> 

»  <RELCL>  I  empty 
A  <AVPHR>  <N>  <MOO-SEO> 

»  THE  <AVPHR>  <N>  <MOO-SEO> 

>  <RELPHR>  <MOO-SEQ>  |  <RELCL>  <MOO-SEQ>  |  pn^ty 
»  <AV>  <AVPHR>  I  empty 

»  <REL>  <O8J-0ESCR> 

»  <RElPRON>  <COP>  <REL-PRED> 

»  BALI  I  BLOCK  |  BOX  |  FLOOR  |  TABLE 
»  LARGE  I  MEDIUM  |  SMALL  |  RED  |  GREEN  |  BLUE  |  BLACK 
»  IN  I  ON  f  NEAR  I  UNDER 

-  WHICH  I  THAT 


Abbrevietiene  in  iremmer  nemet:  S  -  eentenoei  0  •  declefetivei  E  •  exielentieli  0  -  queryi 
W  •  whet;  WR  -  where;  OBJ  •  object;  OESCR  -  deicrtpter;  REL  -  rebtion  or  rebtiee; 
PREO  •  predicate;  CL  -  ebuee;  OPT  •  optianei;  COP  •  cepub;  DEF  •  definitai 
INOEF  •  indefinite;  MOO  •  modifier;  SEO  •  eequenoa;  AV  .  ottrAute-veKie  (velue  of  an 
•tlrfeutOi  ia.  of  tice  or  color);  PHR  •  phrete:  N  •  noun;  PRON  •  prenouni 


Figure  B.1  The  input  language  for  MiliPS 


preceding  object,  and  so  on.*  This  "bacKup”  occurs  only  past  objects  whose  referents 
have  been  uniquely  determined.  Also,  a  phrase  that  is  consistent  with  an  already-uniquely 
determined  object  is  said  to  be  redundant,  and  may  be  used  to  restrict  the  referents  of  a 
previous  object  (more  precisely,  the  most  recent  one  that  satisfies  the  following  condition), 
if  the  phrase  is  consistent  with  it  and  if  that  previous  object  is  not  uniquely  determined. 
Ambiguities  for  referents  in  <SQW>  and  <SQO>  are  handled  somewhat  differently,  since  an 
inconsistency  might  be  the  purpose  of  the  query,  that  is,  to  determine  if  some  property  or 
relation  holds.  These  will  be  discussed  in  detail  below.  Note  that  several  consecutive 
prepositional  phrases  or  subordinate  clauses  can  apply  to  the  same  object,  without  a 
separating  "and”  where  it  would  ordinarily  occur  in  human  communication. 

The  database  consists  of  a  simple  record  of  properties  and  relations  of  objects 
described  in  input  sentences.  It  is  stored  as  a  particular  set  of  Working  Memory  predicate 
instances,  which  set  is  left  intact  across  sentences.  In  declarative  sentences,  <SO>  and 
<SE>,  using  the  indefinite  "a"  determiner  causes  creation  of  new  objects.  No  attempt  is 


•  This  is  not  an  inconsistency  in  the  database,  which  would  be  analogous  to  logical 
inconsistency  in  theorem-proving  systems,  but  rather  a  disagreement  between  an 
interpretation  of  an  input  and  the  database. 
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made  to  keep  the  database  consistent,  and  no  inference  is  done  to  answer  queries;  only  a 
simple  lookup  of  the  facts  specified  is  done  in  this  case,  and  also  in  the  case  of  the 
processing  of  relations  and  properties  for  ambiguity  resolution.  In  particular,  negations  of 
any  sort  are  recognized  only  if  explicit  (following  MILISY  conventions  here).  There  is  no 
inherent  reason  why  a  more  sophisticated  data-base  regime  could  not  be  implemented,  but 
the  focus  of  the  current  work  is  on  certain  of  the  language-processing  aspects. 

MiliPS’s  first  reaction  to  an  input  is  to  scan  across  it,  left  to  right,  noting  word 
classes  and,  near  the  beginning,  assigning  a  type  to  the  sentence.  The  senterKe  types, 
which  correspond  directly  to  the  main  grammatical  classes  descendent  from  <S>,  are  used 
in  minor  ways  to  guide  the  classification  of  words.  In  particular,  how  "a"  is  treated 
depends  on  sentence  type:  in  a  declarative  sentence,  it  is  indefinite,  and  results  in  creating 
a  new  object  to  which  it  then  refers;  in  i  <SQE>  query,  "a"  really  means  "any",  and  is 
treated  as  if  it  were  "the",  which  turns  out  to  be  the  right  way.  Sentence  type  is  used  in 
a  more  significant  way  in  treating  unusual  semantic  occurrences,  namely,  inconsistencies, 
redundancies,  unresolved  ambiguities,  and  phrases  that  have  no  referents. 

For  declarative  sentences,  of  type  <S0>  and  <SE>,  the  response  to  the  whole  input 
is  to  add  to  the  subject  of  the  sentence  the  relation  or  attribute-value  that  follows  the  "is" 
or  "is  not".  For  these,  it  is  known  that  at  some  point  new  (and  thus  inconsistent) 
information  is  to  appear,  so  it  doesn’t  treat  it  as  an  error.  The  presence  of  the 
Inconsistency  actually  is  a  helpful  cue  to  the  processing,  allowing  it  to  be  done  bottom-up, 
rather  than  doing  a  more  directed,  top-down  search  for  something  new.  If  there  is  no 
Inconsistency,  there  is  either  a  redundancy,  which  is  accepted  without  comment,  or  an 
ambiguity,  which  is  an  error. 

Queries  of  type  <SQD>  and  <SQE>  ask  definite  questions,  namely  specific  relations  or 
attributes  of  a  particular  object.  For  these,  inconsistency  becomes  a  definite  "no"  or  "no 
information",  and  can  sometimes  be  detected  before  the  end  of  the  sentence  is  reached. 
Redundancy  can  be  turned  into  either  a  positive  or  negative  answer,  depending  on 
whether  the  redundancy  holds  with  respect  to  the  subject  or  with  respect  to  a  lesser 
object  and  is  at  the  same  time  inconsistent  with  the  subject.  Ambiguities  or  null  referents 
In  these  are  errors. 

For  <SQWR>,  which  asks  "where?",  MiliPS  simply  outputs  a  list  of  of  all  the  relations 
that  pertain  to  the  subject.  No  "unusual"  occurrences  are  allowed.  A  sentence  of  type 
<SQW>  desires  ambiguities  or  null  references,  since  if  asks  for  which  set  of  objects  in  the 
scene  satisfy  some  description.  It  starts  by  assuming  the  full  set  of  scone  objects,  when  it 
recognizes  "what",  and  as  each  relation  or  attribute-value  in  the  sentence  applies,  the  set 
is  narrowed  down.  If  the  result  of  the  restrictions  is  the  empty  set,  "nothing"  is  answered. 
Otherwise,  the  object  or  objects  in  the  set  are  "described"  by  adding  the  full  list  of  known 
attribute-values  to  a  corresponding  noun. 

There  seem  to  be  six  kinds  of  completeness  that  are  desirable  in  a  system  like 
MiliPS:  completeness  of  reference,  completeness  of  description,  completeness  of  query 
logic,  complete  ability  to  manipulate  the  model,  and  complete  symmetry  of  input-output 
behavior.  Completeness  of  reference  means  that  any  object  that  describable  uniquely 
using  the  attributes  and  relations  given,  can  be  described  in  the  language.  MiliPS  has  this 
kind  of  completeness,  although  the  particular  set  of  relations  it  has  could  be  augmented  so 
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that  scenes  that  are  presently  relationally  equivalent  could  be  further  distinguished. 
MiliPS  also  lacks  certain  kinds  of  reference  to  which  humans  are  accustomed,  such  as  being 
able  to  refer  to  the  time  recency  of  an  object,  as  in  "the  third  ball"  or  "the  block 
mentioned  before  the  red  one".  Completeness  of  description  means  the  ability  to  describe 
■  new  object  sufficiently  so  that  it  will  be  unique  with  respect  to  later  attempts  at 
describing  it,  i.e.,  so  that  it  can  be  the  unique  referent  of  some  phrase.  MiliPS  has  this 
kind  of  completeness  also  -  it  allows  descriptive  relational  phrases  to  be  strung  together 
indefinitely,  e.g.,  in  <S0>  type  sentences. 

Completeness  of  query  logic  can  best  be  described  in  terms  of  possible 
arrangements  of  definite  and  indefinit»^  items  in  an  abstract  notation  as  follows:  having  an 
object  X  related  to  object  y  by  relation  R  will  be  denoted  xRy;  similarly,  x  has  a  value  v 
for  attribute  A  is  represented  xAv.  A  query  logically  can  have  a  in  one  or  more  Of  the 
three  positions  of  either  the  xRy  or  xAv  triples,  plus  the  forms  xRy?  and  xAv?  are  allowed, 
to  give  a  total  of  eight  possibilities  for  each  form  of  triple.  For  the  xRy  form,  they  are 
(using  X  and  y  as  definite  objects,  and  "on”  as  a  particular  typical  relation):  xR?  (what  is  x 
on  top  of),  x?y  (how  is  x  related  to  y),  ?Ry  (what  is  on  y),  ??y  (what  has  any  relation  to  y), 
?Rf  (what  is  on  anything),  x??  (where  is  x),  ???  (what  relations  do  you  know),  and  xRy?  (is  x 
on  y).  For  the  xAv  form,  they  are  (using  color  as  a  typical  A,  red  as  a  typical  v,  and  x  as  a 
typical  object):  xA?  (what  is  x’s  color),  x?v  (what  of  x  is  red),  ?Av  (what  has  color  red),  ??v 
(what  is  red),  ?A?  (what  has  color),  x??  (what  are  the  properties  of  x),  f??  (what  does 
everything  look  like),  and  xAv?  (does  x  have  color  red).  For  the  present,  we  ignore  the 
further  complications  of  numerical  and  other  forms'  of  quantification,  keeping  the  logic 
within  a  propositional  system. 

MiliPS  does  not  have  all  of  those  forms  of  query  completeness,  but  some  are 
included  in  more  general  cases,  as  the  following  enumerates.  The  forms  xRy?  and  xAv?  are 
gotten  with  <S0D>  or  <SQE>i  note  that  here  and  in  most  cases,  if  a  "v"  is  given,  the  "A"  is 
implicit,  for  instance,  "is  x  red"  rather  than  "does  x  have  color  red".  Thus  <SQD>  and 
<SQE>  include  x?v.  The  <SQW>  sentence  type  gets  queries  of  the  forms  ?Ry  and  ?Av,  and 
also,  because  of  the  1-1  mapping  between  v’s  and  A’s,  ??v.  <SQWR>  answers  the  relational 
variety  of  x??,  and  includes,  but  gives  much  more  than  is  required,  for  x??  (for  Av),  xRT, 

xA7,  and  ?7y.  MiliPS  has  ???  for  xAv  variety,  by  giving  it  "what  is"  (not  allowed,  by  the 

strict  grammar  above,  but  the  program  accepts  without  specific  modi'ication),  and  this  also 
answers  but  gives  extra,  for  ?A?.  ???  for  xRy  and  ?R?  can  bo  obtained  by  asking  "what  is" 
and  then  "where  is  x"  for  each  thing  that  it  gives  as  its  reply;  this  gives  a  lot  more 
information  than  is  desired  by  the  exact  query.  Thus,  a  user  of  MiliPS  can  find  out 

everything  about  the  scene,  but  only  in  sometimes  cumbersome  ways,  and  only  if  he  or 

she  does  the  computing  necessary  to  reduce  voluminous  answers. 

For  MiliPS,  completeness  of  manipulation  involves  being  able  to  make  changes  to 
blocks  configurations  after  they  have  been  described.  This  would  include  being  able  to 
undo  the  effects  of  mistaken  inputs,  e.g.,  to  remove  a  newly  created  object.  MiliPS  doesn’t 
have  manipulation  capability  at  alt.  Completeness  in  symmetry  ot  input -output  behavior 
means  being  able  to  describe  things  in  the  same  way  that  things  can  be  recognized  in 
inputs.  This  also  is  beyond  MiliPS.  It  has  internal  representational  features,  such  as  color 
and  size,  that  can't  be  used  explicitly  in  inputs  (e.g.,  "what  color  is  the  ball?").  Finally, 
completeness  of  definability  and  augmentation,  which  deal  with  defining  new  words  and 
otherwise  adding  to  a  program’s  language  capability,  is  lacking  in  MiliPS.  The 
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comploteness  scheme  just  presented  h«s  not  been  discussed  or  applied  elsewhere,  to  the 
best  of  my  knowledge,  so  at  the  moment  it  is  difficult  to  say  precisely  how  MiliPS 
compares  to  other  systems. 


B.2.  The  organization  and  components  of  MliPS 

MiliPS  processing  is  driven  by  a  left-to-right  scan  across  an  input.  At  each  scan 
position,  a  word  is  given  a  lexical  class,  adjacencies  are  checked  to  insure  local 
grammaticality,  and  appropriate  semantic  processing,  in  a  hierarchy  of  several  possible 
levels,  is  done.  The  processing  is  thus  bottoi^-up,  with  the  number  of  levels  above  the 
lexical  level  that  do  processing  dependent  on  particular  conditions.  Each  level  recognizes 
its  applicability  and  acts  accordingly,  and  its  output  may  result  in  fulfilling  the  conditions  of 
the  next  higher  level.  At  each  scan  point,  the  maximum  that  can  be  known  about  the 
intention  of  the  input  is  actually  known  (how  this  is  useful  is  discussed  in  Section  B.3). 
The  following  paragraphs  give  general  information  about  the  processing  and  organization, 
filling  in  details  on  each  of  the  levels. 

The  main  components  are  represented  as  very  abstract  Ps  (VAPs)e  in  Figure  B.2. 
In  order  to  define  and  clarify  those  components,  we  will  abstractly  follow  through  the 
processing  of  Test  2,  for  which  a  detailed  trace  appears  in  Appendix  D.  Test  2  is  “A  BLUE 
BALL  IS  ON  THE  TABLE".  The  test  is  started  by  a  “scanned"  signal  on  the  left  end  of  the 
input  string,  a  marker  position  to  the  left  of  "A".  VAP  SN  then  acts  to  cause  "A*  to  be 
scanned.  The  “scan"  signal  is  processed  by  an  instance  of  VAP  GRl,  which  in  this  case 
notes  the  initial  "A"  as  signaling  a  sentence  of  type  <S0>.  "A"  is  classified  as  an  indefinite 
determiner  (its  "word-class").  Next  an  instance  of  GR3  fires,  verifying  correct  grammar  for 
the  word  -  in  this  case,  "A"  signals  a  noun  phrase  is  starting,  so  that  the  grammar  check  is 
for  correctness  of  a  noun  phrase  at  this  point.  A  noun  phrase  is  considered  grammatical  if 
it  is  preceded  by;  the  word  "THERE"  if  this  sentence  is  type  <SQE>i  a  relation  word,  i.e.,  a 
preposition;  a  copula  ("IS"  or  "IS  NOT");  or  the  left  end  of  the  sentence.  When  the 
determiner  is  processed,  initialization  is  done  for  a  new  noun  phrase  (VAP  NPl).  At  this 
point  nothing  further  can  be  done,  and  the  scan  resumes  because  of  the  “scanned"  signal 
previously  asserted  by  SNl  and  stacked  according  to  Psnist's  event  order  mechanism. 

"BLUE*  is  tagged  as  an  attribute-value  word  by  an  instance  of  VAP  TGL  This  leads 
to  the  grammar  check  for  attribute-value,  which  is  a  set  of  cases  similar  to  the  ones  listed 
above  for  noun  phrase.  This  particular  case  of  attribute-value,  because  an  indefinite 
determiner  has  preceded  it,  is  not  processed  as  in  FR2,  but  is  stored  as  a  future  restrictor 
on  the  new  scene  object  to  be  created  when  the  noun  of  the  phrase  is  scanned.  The  scan 
continues,  reaching  "BALL",  which  is  tagged  as  a  noun  by  an  instance  of  T(j.  The  grammar 
is  all  right  because  it  is  preceded  by  an  attribute-value.  Specific  noun  processing  is  now 
done  (VAP  NP3),  influenced  in  this  case  by  the  indefinite  determiner.  A  new  object,  BALL- 
1,  is  added  to  the  scene,  and  the  remembered  attribute-value  "BLUE"  is  added  as  its  color. 

Once  again,  the  scan  continues,  on  to  "IS".  The  word  is  tagged  as  a  copula,  is 
checked  for  grammaticality,  and  its  action  signalled  (NP2).  A  noun-phrase  boundary 
necessitates  checks  that  all  referents  are  determined  for  current  objects  (VAP  BR8),  since 


•  See  Chapter  IV  for  a  description  of  the  VAP  notation. 
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SN;  oconnedforevious)  &  next-position  ->  scen(next)  &  scenned(next)i  [4  Pe] 

TG:  teen  &  particular-word  ->  word-class;  [22  Ps] 

ER:  error-at-position  ->  collect-input -uD-to-error-for-repIvt  [4  Ps] 

ET;  interesting-event  ->  print -external-trace-messaaei  [9  Ps] 

GRl:  scan  &  particular-initial-word  ->  word-class  ft  sentence-type;  [7  Ps] 

GR2:  scan  ft  particular-word  ft  sentence-type  ->  word-class;  [4  Ps] 

GR3:  word-class  ft  lexical-adjacency  ft  context  ->  word-class-action;  [27  Psl 

where  word-class -action  •  (determiner,  copula,  attribute-value,  predicate,  noun, 
new-relation-open} 

NPl:  determirMr  ->  initialize-new-noun-phrase;  [4  Ps] 

NP2:  copula  ->  noun-phrase-boundary;  [2  Ps] 

NP3:  noun  ->  create-new-scene-obiect  OR  restrict-referents;  [7  Ps] 

FRl:  question-word  OR  definite-determiner 

->  setup-possibilities-from-atl-scene-obiects:  [4  Ps] 

FR2:  attribute-value  ->  restrict-referents;  [2  Ps] 

FR3:  restrict-referents  ft  sinele-matchine-possibilitv  ->  refers;  [IP] 

FR4;  restrict-referents  ->  delete-non-matchine-possibilities;  [8  Ps] 

FR5:  predicate  ->  check-predicate-restriction;  [1  P] 

BRl;  refers(new)  ft  new-relation-open  ->  checK-relation-restriction;  [2  Ps] 

BR2:  check-relation(or  predicate)-restriction  ft  new-object  ->  add-relation(predicate)i  [2  Pa] 
BR3;  checK-relation(or  predicate)-restriction  ft  feasible-to-restrict 
->  restrict-referents;  [6  Ps] 

BR4:  checK-retation(or  predicate)-restriction  ft  relation(predicate>-is-redundant 
->  backup-redundant-reiation(predicate);  [2  Ps] 

BR5:  checK-relation(or  predicate)- restriction  ft  relation(predicate)-i8-lnconslstent 
->  backup-inconsistent -relation(predicate);  [4  Ps] 

BR6:  backup-redundant-relationtor  predicate) 

ft  some-previous-obiect-ambiguous-and-feasible-to-restrlct 
->  restrict-referents;  [10  Ps) 

BR7:  backup-inconsistent-relation(or  predicate)  ft  preceding-object 
->check-relation(predicate)-restriction;  [3  Ps] 

BR8:  noun-phrase-boundary 

->  ensure-all-referents-found  ft  uodate-current-current-obiect-DOlntersi  [5  Ps] 

MS:  inconsjstent(or  redundant)-relation(or  predicate)  ft  sentence-type 
->add-relation(or  predicate)  OR  answer -question  OR  error;  [8  Ps] 

VR:  sentence-boundary  ft  sentence-type  ->  reply  OR  describe-object;  [23  Ps] 

DO:  describe-object  ft  attribute’s  ft  relation's  ->  reply;  [15  Ps] 

Figure  B.2  VAPs  for  MiliPS 
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restricting  phrases  are  not  allowed  to  restrict  things  across  copulas,  except  in  one  case 
determined  by  special  sentence  type  (<GSQW>).  Because  of  this  completion  nature  of  a 
noun-phrase  boundary,  the  only  current  object  that  is  really  current  is  the  main  noun  of 
the  sentence,  so  BR8  also  includes  the  action  of  making  other  nouns  non-current  (there 
are  no  such  others  in  the  present  example:  they  occur,  for  instance,  in  case  there  ere 
relation  phrases  in  the  sentence).  If  there  were  some  definite  noun  for  which  a  referent 
had  not  been  determined,  an  error  would  be  noted  at  this  point,  keyed  by  the  noun-phrase 
boundary. 

The  description  of  the  remainder  of  the  sentence,  "ON  THE  TABLE*,  will  be 
abbreviated  somewhat,  hitting  only  the  new  points  exemplified.  The  relation  "OhT  is  noted 
as  referring  in  part  to  the  current  object,  which  is  the  main  noun  in  the  sentence,  and  also 
in  part  to  an  unscanned  object,  so  it  is  left  open  (to  be  caught  later  by  VAP  BRl).  The 
determiner  "THE”  is  definite,  causing  the  process  of  referent -determination  to  be  initialized 
(FRl)  by  collecting  a  set  of  all  the  scene  objects  as  possible  candidates.  Then  TABLE*  is 
scanned,  noted  as  a  noun,  and  used  to  restrict  the  set  of  referents  for  the  currant  object 
(VAPs  NP3,  FRA).  In  this  particular  scene,  there  is  only  one  table,  so  that  all  objects 
except  the  table  are  ruled  out  by  the  noun  TABLE".  This  triggers  FR3,  which  leads  to 
BRl,  and  now  the  relation  ON  is  completed,  making  it  (BALL-1  ON  TABLE-1).  This  In  turn 
triggers  the  check  for  relation  restriction,  and  VAP  BR2  is  applicable  as  a  special  case  of 
restriction,  simply  adding  the  relation  to  the  new  object  BALL-1.  In  most  cases,  it  really 
would  be  a  restriction,  since  it  would  be  the  case  that  the  preceding  noun  would  still  be 
ambiguous,  with  a  set  of  possible  referents,  and  the  new  relation  would  serve  to  narrow 
down  those  possibilities.  After  the  new  relation  is  added,  the  scan  continues  to  the  end  of 
the  sentence,  and  a  sentence  boundary  is  signalled.  This  first  acts  as  a  noun-phrase 
boundary  (BR8),  making  the  subject  noun  the  only  one  current.  It  then  triggers  the  main 
sentence  actions  according  to  cases  of  VAP  VR,  which  in  this  case  causes  the  formation  of 
the  standard  reply,  "OKAY". 

There  are  several  aspects  of  the  components  of  MiliPS  as  outlined  in  the  VAPs  that 
have  not  been  touched  on  by  the  above  example.  First,  a  "predicate"  is  recognized  as  an 
attribute-value  preceded  by  copula,  and  is  so  tagged  by  the  grammar  check  (GR3).  It  is 
further  processed  as  a  restriction  simitar  to  the  restriction  done  when  a  new  relation  is 
formed  as  in  the  example  above  (FRS).  That  is,  a  predicate  is  an  attribute-value  that  is 
placed  after  the  noun  that  it  restricts.  The  relative  pronoun  that  precedes  the  copula  (as 
in  "which  is"  or  "that  is")  is  not  used  in  this  predicate  detection,  but  its  own  grammar 
adjacencies  must  be  correct,  i.e.,  it  must  follow  a  noun  or  another  predicate. 

Second,  the  VAP  MS  represents  what  is  done  as  a  fairly  high-level  semantics 
process,  namely  it  processes  redundancies  or  inconsistencies  as  recognized  by  other 
semantic  Ps  according  to  sentence  type.  Some  sentence  types,  as  sketched  in  Section  B.1, 
actually  thrive  on  such  anomalies.  Third,  the  action  of  the  BR  VAPs  has  only  been  briefly 
touched  upon,  so  we  now  turn  to  more  detail  on  that. 

As  we  mentioned  at  the  beginning  of  this  subsection,  the  semantics  can  be  seen  as  a 
hierarchy  of.  levels.  These  levels  are  reflected  in  the  organization  of  the  VAPs:  the  FR 
VAPs  treat  ambiguities  of  reference  of  noun  phrases;  the  BR  VAPs  treat  the  assigning  of 
relations  and  predicates  to  their  proper  objects,  so  that  the  best  use  of  their  information 
content  is  made  in  resolving  ambiguities  that  couldn't  be  done  previously  by  the  FR’s:  MS 
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it  ■  last  resort  for  handling  inconsistencies  and  redundancies  that  can’t  be  applied  to 
ambiguities  by  the  BR’s;  and  VR  and  00  do  the  generation  of  replies  based  on  the  outcome 
of  the  other  levels.  As  mentioned  before,  the  main  data  structure  used  by  the  PR’s  to 
represent  ambiguity  is  a  set  of  possible  referents  for  an  object  (noun  phrase).  The  BITs 
use  a  structure  composed  of  such  sets:  a  linked  list  with  the  most  recently-scanned  object 
as  the  current  one. 

In  finding  a  place  to  apply  a  new  relation  or  predicate,  the  BR’s  always  use  the 
current  object.  If  it  is  already  unambiguously  determined,  an  attempt  is  made  to  apply  the 
relation  or  predicate  to  a  previous  object  in  the  linked  list.  If  the  relation  or  predicate  is 
redundant,  a  check  is  made  before  going  ahead  and  trying  to  apply  it  to  a  previous  object 
(BR6).  That  is,  a  check  is  made  for  the  proper  sort  of  unresolved  ambiguity  at  some 
previous  point  in  the  list  of  objects.  The  check  prevents  irreparable  damage  being  done 
on  the  basis  of  a  feature  whose  resolution  is  not  very  urgent.  If  it  is  inconsistent,  the 
application  of  it  to  some  object  is  more  urgent,  so  the  backup  to  a  previous  object  is  tried 
regardless  of  what  the  result  might  be  (VAP  BR7).  When  such  a  backup  is  done,  the  linked 
list  of  objects  is  updated,  making  the  preceding  object  the  current  one,  and  discarding  the 
former  current  one  forever  (no  later  relations  or  predicates  will  be  able  to  refer  to  it  -  to 
allow  that  would  allow  a  strange  sort  of  cross-over  of  reference,  rather  than  the  more 
ordinary  nested  reference,  where  a  phrase  refers  to  a  close  object,  a  later  phrase  refers 
to  an  object  more  towards  the  beginning  of  the  input,  and  so  on).  Finally,  the  reader  will 
notice  that  there  is  always  a  feasibility  check  before  the  actual  restriction  of  the  set  of 
possible  referents  is  done  (VAP  BR3).  This  is  because  the  restriction  process  is 
irreversible,  and  maintaining  that  irreversibility  seems  desirable,  the  alternative  being 
some  kind  of  backtracking  mechanism.  If  the  restriction  process  were  allowed  to  go 
unchecked,  it  might  apply  a  restriction  such  that  the  entire  set  of  possibilities  would  be 
thrown  out,  rather  than  recognizing  a  genuine  inconsistency  and  acting  accordingly.  It 
seems  reasonable  to  try  to  anticipate  such  conditions  than  to  let  them  happen  and  then  try 
to  recover. 

As  support  for  the  claim  that  no  parse  tree  is  formed,  I  now  summarize  the 
information  that  is  kept  as  the  scan  proceeds  across  an  input,  and  emphasize  how  that 
Information  is  used  to  avoid  referring  back  to  the  actual  text  after  it  has  been  seen  orKe. 
The  type  of  the  sentence  is  kept  (<SD>,  <SE>,  etc.),  providing  guidance  for  a  few  grammar 
decisions,  but  for  the  most  part  being  used  to  make  main  semantic  decisions.  When  an 
indefinite  noun  phrase  is  being  scanned,  the  unused  attribute-values  are  kept  until  the 
noun  is  reached,  at  which  point  they  are  added  to  it.  When  a  rotation  is  scanned,  it  is 
remembered  until  the  noun  phrase  that  follows  it  has  been  completed,  at  which  point  a  full 
relation  is  formed  (the  noun  phrase  providing  its  second  argument,  in  effect).  The 
definiteness  or  indefiniteness  of  a  noun  phrase  is  incorporated  into  the  representation  and 
processing  of  the  noun  phrase  immediately,  even  though  the  noun  phrase  is  at  that  point 
quite  incomplete.  That  is,  the  determiner  sets  up  a  group  of  noun-phrase  anticipations. 
Question  words  and  noun  phrases  are  converted  into  sets  of  possible  referents,  discarding 
the  lexical  forms  without  further  ado.  For  objects  (representing  noun  phrases),  the  linked 
list  records  order  of  occurrence  in  the  input,  but  objects  are  really  semantic  entities,  no 
longer  attached  to  lexical  forms  as  would  be  the  case  in  a  traditional  parse  tree.  This 
structure  of  semantic  entities  is  the  sole  source  of  elements  that  are  processed  in  making 
use  of  inconsistencies  and  redundancies.  At  no  time  does  the  scan  back  up  and  re-scan 
some  portion  of  the  input  in  order  to  try  to  assign  to  it  a  different  interpretation,  as  is 
done  In  more  conventional  parsing  programs  (e.g.  Winograd,  1972). 
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B.3.  Production  system  and  natural  tanguige  task  issues 

This  subsection  discusses  two  independent  sets  of  issues.  The  first  set  pertains  to 
implementing  various  control  and  organization  structures  in  PSs,  to  representational 
features,  and  to  how  the  PS  implementation  compares  to  MILISY.  The  second  set  bears  on 
the  task  and  on  more  general  processing  of  natural  language:  the  use  of  adjacency  checks 
instead  of  a  full  grammar,  the  determination  of  referents,  and  the  need  for  a  more 
sophisticated  data  base. 

The  main  control  mechanism  is  the  left-to-right  scan  across  an  input.  At  each  scan 
point,  the  processing  is  bottom-up,  based  on  successive  recognitions  of  specific  P 
conditions.  This  leads  naturally  to  a  vertical  organization,  in  the  sense  that  at  each  point, 
the  maximum  is  known:  all  levels  (lexical,  grammar,  semantics,  pragmatics)  have  a  chance  to 
react  as  fully  as  possible.  This  allows  the  surface  structure  of  the  sentence  to  be 
discarded.  Such  vertical  organization  is  less  likely  in  systems  where  syntax  and  semantics 
are  more  sharply  separated,  and  is  of  course  ideally  suited  to  the  recognition-driven 
nature  of  PSs.  There  is  a  potential  for  top-down  operation,  since  Ps  could  set  up 
anticipations  that  might  affect  future  recognitions. 

Ps  can  be  grouped  conceptually  in  modules  that  treat  similar  features  of  the  internal 
representation.  The  modules  correspond  to  levels  in  the  hierarchy  (lexical,  grammar,  etc.) 
and  to  reasonable  units  within  those  levels.  Generally  a  module  acts  by  firing  a  single  P, 
so  that  a  module  tends  to  represent  with  Ps  the  cases  that  elaborate  the  knowledge  in  the 
module. 

At  a  somewhat  lower  level  in  organization,  the  scan  uses  the  Psnist  tSMPX  event¬ 
stacking  mechanism  to  maintain  control.  It  emits  at  the  same  time  both  a  "scan"  signal  and 
a  "scanned"  signal,  the  latter  being  stacked  until  the  former  is  examined  ("scan"  enables 
the  lexical  classification  Ps).  When  "scanned"  is  examined,  it  moves  the  scan  pointer 
forward  or  signals  an  error  in  case  the  "scan"  signal  has  not  been  consumed. 

There  is  another  issue  with  respect  to  the  initial  left-to-right  scan,  namely,  the  way 
that  a  large  number  of  Ps  have  the  "scan"  signal  as  a  condition  element.  This  gives  a 
strong  top-down  flavor,  or  at  least  makes  the  Ps  look  like  a  big  subroutine,  rather  than 
having  them  driven  on  more  bottom-up  specific  recognitions.  This  may  have  an  efficiency 
cost,  but  that  is  less  important  than  the  inflexible  subroutine  style.  A  more  accurate  model 
of  language  processing  by  humans,  and  a  more  suitable  one  for  PSs,  might  be  to  have  the 
input  string  encoded  in  some  way  such  that  only  one  element  at  a  time  would  become 
available  to  the  lexical  Ps.  Note  that  this  is  enhanced  by  the  vertical  organization 
discussed  above,  since  that  organization  distributes  the  computation  roughly  evenly  over 
the  words.  These  elements  would  be  quite  specific  and  would  presumably  have  very  few 
occurrences  in  LHSs  of  Ps.  (This  would  also  work  fine  as  a  model  of  lower-level 
processes,  where  parts  of  words  (phonemes  or  whatever)  would  be  recognized  to  form  a 
symbol  representing  the  whole  word,  or  the  best  guess  at  what  the  whole  word  is.)  A 
further  alternative  might  be  to  break  the  lexical  processing  into  a  hierarchy,  with  fewer  Ps 
responding  to  "scan"  and  lexical  classes  of  items,  and  with  other  Ps  responding  to  the 
outputs  from  those  lowest  levels. 

The  tests  for  grammatical  adjacency  are  carried  out  in  similar  fashion  for  alt  of  the 


VI-15 


as 


(^•rvitw  of  MliPS 


MIliPS/WBlox 


aa 


ciMses  in  MiliPS:  there  is  a  set  of  Ps  thst  recognize  correct  adjacencies,  plus  a  singlo  P 
whose  condition  is  the  negation  of  all  of  the  correct  conditions,  which  thus  recognizes  an 
error  condition.  This  is  quite  clumsy  if  the  grammar  is  extended,  because  a  new  P  must  be 
complemented  by  an  extra  condition  in  the  error  P.  One  alternative  is  to  use  sequenced 
control  signals  as  is  done  for  the  control  of  the  scan,  where  the  second  signal  would  bo 
deleted  by  each  correct  adjacency  P,  but  would  otherwise  be  recognized  as  an  error.  A 
second  alternative  is  to  implicitly  order  the  Ps  by  special  case,  that  is,  a  P  that  is  a  special 
case  of  another  is  before  the  other  in  examination  order.  Then  the  error  P  could  be  one 
with  a  single  condition,  keyed  to  the  signal  that  initiates  the  grammar  check;  it  would 
always  be  more  general  than  the  specific  adjacency  tests  because  they  would  include  a 
test  on  the  initiating  signal  plus  the  actual  adjacency  conditions. 

Two  peculiarities  of  Psnist  are  used  to  advantage  in  MiliPS.  First,  the  F  Ps  (FR 
VAPs)  in  some  cases  fire  "simultaneously"  a  number  of  times,  both  in  generating 
possibilities  for  referents  and  in  erasing  those  possibilities  after  further  restrictions  hsve 
been  found.  Without  the  automatic  multiple-firing  mechanism,  some  further  control  would 
be  necessary  to  ensure  iteration  through  all  such  firings.  Second,  Ihe  0  Ps  (DO  VAPs)  for 
describing  objects  are  such  that  a  set  of  objects  can  be  described  in  "parallel"  by  having 
the  Ps  at  each  step  fire  a  multiple  number  of  times,  one  for  each  element  in  the  set.  This 
is  similar  to  the  multiple  firing  of  the  F  Ps,  except  here  there  is  a  succession  of  such  P 
firings  by  different  Ps,  whereas  in  the  former  case  only  a  single  P  fired  multiply.  Haro 
also,  some  explicit  iteration  control  would  otherwise  be  necessary.  This  Kind  of  behavior 
Is  evident  in  those  tests  in  Appendix  C  thst  involve  describing  several  objects. 

The  primary  representational  issue  In  MiliPS  is  the  choice  gf  representing  things  as 
Ps  or  as  Working  Memory  structures.  In  particular,  the  way  MiliPS  keeps  the  scene 
representation  in  Working  Memory  violates  the  principle  that  long-term  items  be  stored  as 
Ps.  As  it  is,  MiliPS  erases  its  entire  Working  Memory  between  inputs,  except  for  the 
instances  of  a  few  select  predicates  which  are  its  database  and  which  stay  around  for  the 
duration  of  a  conversation  (e.g.,  for  the  full  set  of  25  inputs  on  which  MiliPS  was  tested). 
To  best  represent  the  scene  as  Ps,  some  kind  of  discrimination  network  seems  appropriate. 
This  would  necessitate  radical  changes  to  the  present  process  of  referent  determination, 
sirKO  the  present  one  forms  a  set  of  all  objects  in  the  scene,  stored  in  Working  Memory  so 
easily  accessible,  and  restricts  the  possibilities  as  more  information  comes  in.  The 
opposite  method  would  be  used  if  the  scene  were  stored  as  Ps.  As  the  input  were 
scanned,  a  description  would  be  formed,  and  as  soon  as  the  description  became  specific 
enough  to  evoke  a  scene  object,  a  P  would  fire  and  supply  a  name  to  the  description, 
thereby  giving  the  system  access  to  further  information  about  it,  to  be  confirmed  or 
rejected  by  further  inputs.  The  case  of  having  evoked  more  than  one  such  object  would 
have  to  be  considered,  and  some  means  of  matching  the  objects  in  order  to  further 
discriminate  them  would  have  to  be  supplied.e  It  seems  that  having  conflicts  between 
objects  with  respect  to  partial  descriptions  arise  in  this  form  and  be  treated  according  to 
a  general  matching  discriminator  is  more  satisfactory  than  the  present  Working  Memory 
database  from  the  standpoint  of  adding  further  contextual  cues  to  the  discrimination,  e.g., 
time  of  creation  and  scene  configuration  dynamics.  It  seems  more  satisfactory  in  part 
because  of  apparent  problems  in  getting  hold  of  a  large  set  of  objects  in  Working  Memory 
and  examining  them  in  such  a  way  as  to  find  descriptions  that  are  indistinguishable  and  to 
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find  how  partial  descriptions  of  them  might  conflict.  Storing  them  as  Pa  makes  the  conflicts 
fall  out  more  naturally  in  the  course  of  normal  task  processing,  and  sets  forth  a  process 
whereby  such  conflicts  are  resolved  incrementally.  Some  of  the  apparent  difficulty  with 
using  Working  Memory  may  be  due  to  the  nature  of  PS  architectures  or  of  Psnist.  Since 
discrimination  nets  are  usually  built  to  use  a  minimal  number  of  tests  to  distinguish  objects, 
it  is  likely  that  the  P  storage  would  use  less  computer  memory  overall,  especially  if  there 
is  some  way  of  avoiding  duplication  of  conditions  in  Ps  by  sharing  the  overlapping  parts. 
The  problem  of  how  to  store  long-term  information  is  of  minor  importance  for  the  present 
study,  which  focuses  more  on  natural  language  processing,  so  the  present  stopgap  seems 
acceptable!  other  chapters  of  this  thesis  do  focus  on  such  storage  problems. 

Three  other  representational  and  low-level  PS  issues  can  be  mentioned.  Words  are 
represented  two  different  ways  in  Working  Memory,  as  a  consequence  of  limitations  in 
efficient  match  power  in  Psnist,  namely  limitations  in  the  way  constants  are  used  in  LHSs 
(see  Section  C.2).  Also,  many  very  similar  Ps  in  the  lexical  recognition  process  could  be 
reorganized  into  a  set  of  Ps  that  simply  recognize  an  element  as  a  member  of  the  set,  plus 
a  single  P,  keyed  to  membership  in  the  set,  that  does  the  more  complex  actions  now  done 
in  each  P  in  the  set.  Augmentation  would  then  be  extension  to  that  set  rather  than 
addition  of  a  P.  Some  of  the  Ps  in  the  description  process  (00  VAPs)  could  perhaps  be 
more  optimal  by  combining  their  actions  into  a  single  P  with  more  actions  and  conditions. 
This  is  an  instance  of  the  general  operation  by  which  frequently-recurring  P  firing 
sequences  are  collapsed  into  a  single  firing  that  removes  the  necessity  for  intermediate 
communication  signals,  but  that  is  more  special-purpose.  The  specific  case  at  hand  is  that 
two  P  firings  are  required  to  get  a  size-color  attribute-value  description  constructed, 
where  one  would  suffice.  (At  present,  I  am  restricting  such  collapsings  to  Ps  within  the 
same  module,  but  an  automatic  collapsing  process  might  detect  others.)  Finally,  the  use  of 
a  near-total  erasure  of  Working  Memory  between  each  input  sentence  has  avoided  the 
problem  of  inter-sentence  confusion  of  data.  Otherwise,  special  erasure  Ps  that  would 
embody  specific  assumptions  of  what  needs  to  be  erased  (and  that  would  consume  more 
run  time)  would  be  needed.  The  massive  erasure  is  however  unattractive  from  the 
standpoint  of  modelling  a  memory  that  fades  over  time,  which  is  probably  of  concern  to 
psychologists. 

Several  diffe'ences  between  the  original  MILISY  and  MiliPS  are  worth  noting.  MiliPS 
employs  a  single  uniform  mechanism  to  implement  processing  that  was  done  by  MILISY  in 
two  distirtct  phases:  a  syntactic  parser  and  a  set  of  semantic  transformation  rules.  The 
use  of  PSs  for  both  functions  (although  the  functions  have  been  radically  redefined) 
Indicates  their  flexibility  and  power  over  the  particular  special-purpose  mechanisms  in 
MILISY.  MILISY  constructs  a  phrase-structured  tree  representation  of  an  input  (or 
several,  in  case  of  ambiguity)  and  processes  it  semantically  by  rewrite  operations  capable 
of  doing  certain  tests  on  the  tree  structure.  It  is  not  apparent  whether  its  rules  could  be 
augmented  to  perform  the  semantic  disambiguation  that  MiliPS  performs,  or  not;  the  fact 
that  MILISY  might  generate  many  possible  parses  before  finding  an  appropriate  one  makes 
it  more  cumbersome  at  best.  MihPS  makes  significant  extensions  in  MILlSY’s  behavior, 
especially  in  its  ability  to  disambiguate,  to  handle  subordinate  clauses  and  phrases,  and  to 
answer  "where"  questions.  MiliPS  is  about  five  times  slower  than  MILISY  (16  seconds 
versus  3  to  4),  but  MILISY  would  undoubtedly  worsen  in  its  performance  on  the  more 
complex  MiliPS  tests.  MiliPS  is  run  by  a  PS  interpreter,  and  compiling  the  Ps  is  expected 
to  more  than  compensate  for  such  speed  factors.  MiliPS  has  a  listing  about  2  to  3  times  as 
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long  MILISY*s.  But  both  of  these  comperison  measures  ere  less  then  satisfactory 
bocause  the  two  programs  have  diverged  functionally. 

Several  issues  can  be  raised  in  connection  with  the  language  task,  which  don’t  bear 
directly  on  the  implementation  as  a  PS.  The  local>adjacency  nature  of  the  syntactic 
cheeking  in  MiliPS  may  work  only  because  the  task  is  suitably  restricted.*  Certeinly,  the 
present  lenguage  doesn’t  contain  all  the  basic  components  that  unrestricted  language  does, 
but  if  the  abstract  toy  blocks  world  does  represent  a  significant  portion  of  what  natural 
language  is  about  (objects,  their  relations,  their  attributes)  then  there  might  be  some 
Justification  for  trying  to  extend  the  approach  to  more  demanding  tasks.  It  is  hard  to 
envision  a  syntax  system  that  requires  less  effort  to  carry  out,  except  none  at  all.  The 
weak  syntax  checking  done  here  is  justified  as  being  a  source  of  redundancy,  preventing 
the  system  from  taking  action  on  too  little  input  or  on  input  not  adequately  structured, 
avoiding  the  possibility  of  irreversible  undesirable  actions  on  its  environment.**  There 
ere  elternative  approaches  to  doing  the  same  kind  of  adjacency  tests,  which  might  turn  out 
to  be  more  suitable  for  other  grammars,  especially  larger  ones.  One  is  to  have  Pa  that 
reject  bad  adjacencies,  rather  than  requiring  a  positive  approval  action.  Another  is  to 
have  more  expectations  set  up,  mixing  top-down  and  bottom-up,  rather  than  the  pure 
bottom-up  here.  The  possibilities  for  the  kind  of  word  following  some  word  may  be  fewer 
then  the  possibilities  for  word  classes  preceding  some  word,  and  a  mixture  of  the  forwerd 
erxl  backwerd  strategies  might  minimize  the  number  of  required  tests. 

With  respect  to  the  process  of  referent  determination,  the  present  process  forms  a 
set  of  possibilities  as  soon  as  it  sees  a  determiner-function  word,  whereas  waiting  for 
slightly  more  input  would  allow  the  process  to  start  with  an  initially  much  smaller  list.  For 
example,  the  phrase  "the”  might  refer  to  many  more  objects  than  "the  blue".  This  strategy 
seems  to  be  quite  easy  to  implement  as  an  extension  to  the  present  process.  (This  is  a 
consideration  regardless  of  whether  the  scene  is  in  Working  Memory  or  stored  as  Ps  as 
discussed  above.)  The  overall  conceptual  structure  of  ambiguity,  inconsistency,  and 
redundancy  developed  here,  with  the  idea  of  keeping  a  linked  list  of  current  objects, 
seems  general  and  natural,  and  thus  worth  pursuing  in  more  demanding  tasks.  There  are 
some  choice  points  within  that  process  that  are  currently  not  necessary,  but  might  become 
so  later.  In  particular,  MiliPS  makes  use  of  redundant  information  to  restrict  wherever  it 
can,  but  that  restriction  might  turn  out  to  be  invalid  after  more  input  is  scanned.  This 
possibility  doesn’t  arise  in  any  of  the  present  tests,  and  may  be  very  rare  in  general. 
Also,  the  possibility  of  mutual  disambiguation  is  not  considered  here,  though  it  probably  is 
necessary  in  general.  By  this,  I  mean  for  instance  that  two  objects  that  are  related  to 
each  other  in  some  way  might  be  ambiguous  unless  in  both  cases  the  relationship  is 
considered.  Another  kind  of  disambiguation  that  is  not  handled  arises  when  an  unresolved 
ambiguity  can  nevertheless  be  used  to  resolve  a  previous  ambiguity,  such  as  might  be  the 
case  in  the  phrase  "the  block  on  the  table”,  where  there  are  several  tables  but  only  one 
block  on  any  table. 


*  But  see  Hays  (1964)  for  a  scheme  with  simitar  emphasis,  proposed  by  a  theoretical 
linguist. 

••  Pratt  (1975)  gives  efficiency  as  a  reason  for  using  syntax;  i.e.,  syntax  is  applied  to  ease 
some  of  the  burden  on  semantics  and  pragmatics;  such  a  consideration  is  not  evident  here 
beceuse  all  of  the  ambiguities  are  among  syntactically  correct  forms. 
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Th«  specific  organization  of  how  redundancy  and  inconsistency  are  treated  can 
probably  be  streamlined  and  made  more  flexible,  now  that  the  tests  given  to  MiliPS  have 
brought  out  a  number  of  cases  that  were  not  envisioned  in  the  original  structure.  For 
instance,  having  action  depend  on  sentence  type  might  be  replaced  by  a  more  general 
component  dependence,  where  components  are  present  over  a  large  set  of  senterKes,  i.e., 
where  sentences  can  be  classified  more  parsimoniously  by  using  component  features  than 
by  assigning  each  a  distinct  type.  The  present  task  is  certainly  restricted  in  that  each 
lexical  word  can  be  interpreted  in  only  one  sense,  whereas  in  general  discourse,  words 
must  be  disambiguated  by  lexical  context  or  even  more  global  considerations.  Finally,  the 
present  system  of  disambiguation  and  referent  determination  assumes  sentences  are  self- 
contained,  for  instance,  with  no  pronouns  or  other  (elliptical)  references  to  phrases  in 
immediately  preceding  ones.  It  is  possible  that  most  intra-sentence  processing  would  stay 
intact  in  the  face  of  that  bigger  demand,  with  only  the  need  for  ’’epicycles"  to  handle 
larger  units  of  text.  Certainly  it  is  not  hard  to  imagine  that  structures  could  be  left  open 
or  with  changeable  default  values,  in  the  expectation  that  later  inputs  might  fill  them  in. 
The  present  philosophy  at  the  tower  semantic  level  might  be  successful  at  larger  levels:  all 
input  is  converted  to  some  internal  form  (for  instance,  surface  structure  of  a  string  is  not 
used  after  it  has  been  passed  in  the  scan),  and  any  revision  in  initial  expectations  has  to 
be  done  on  that  internal  form  without  recourse  to  the  raw  external  form.  That  is,  a 
faithful  internal  representation  should  be  amenable  to  mapping  or  restructuring  in 
emergency  situations.  A  form  of  such  mapping  is  exemplified  in  the  flexible  way  that 
MiliPS  resolves  inconsistencies  using  only  its  semantic  representation. 

The  database  inferencing  capabilities  in  MiliPS  have  been  intentionally  Kept  very 
weak,  partially  because  they  were  weak  in  MILISY  and  partially  because  of  the  emphasis 
on  other  aspects.  Class  exclusions  on  values  of  attributes,  and  relations  between  relations 
ere  not  used.  For  instance,  knowing  an  object  is  red  doesn’t  give  the  system  the  ability  to 
use  that  if  isn’t  blue  -  "not  blue”  is  only  known  if  there  is  explicit  information.  The  set  of 
relations  between  objects  might  just  as  well  be  nonsense  syllables,  since  they  don’t 
Interact  and  are  not  intended  to  be  adequate  in  terms  of  representing  all  spatial 
properties. 
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C.1.  The  tasks  given  to  MiliPS 

The  entire  list  of  sentences  given  to  MiliPS  is  given  in  Appendix  C.  Included  is  the 
input  text,  a  program  trace  that  tells  major  events  in  processing  the  text,  and  the  state  of 
the  database  portion  of  the  Working  k^mor/,  from  which  it  can  be  deduced  what  the 
lasting  effects  of  the  text  were.  In  this  subsection,  we  first  examine  the  program  trace  to 
make  that  appendix  comprehensible.  Then  we  point  out  other  appendices  that  the  reader 
might  find  to  be  of  interest.  Finally,  the  full  set  of  sentences  is  described  briefly  in  terms 
of  what  features  are  illustrated  by  various  subsets  of  sentences. 


ISA  (BLOCK-l  BLOCK)  (TABLE-1  TABLE) 

HASAV  (BLOCK- 1  SIZE  LARGE  POS)  (BLOCK-1  COLOR  GREEN  POS)  (TABLE-1  COLOR  RED  POS) 
HASREL  (BLOCK- 1  ON  TABLE- 1  POS) 

2  INPUT  TEXT  IS  *  A  BLUE  BALL  IS  ON  THE  TABLE  * 

ADDING  COLOR  BLUE  (POS)  TO  BALL-1 
ADDING  BALL  BALL-1 
OBJ-2  REFERS  TABLE- 1 
ADDING  BALL-1  ON  TABLE- 1  (POS) 

REPLY  ((OKAY)) 

ISA  (BALL-1  BALL)  (BLOCK- 1  BLOCK)  (TABLE-1  TABLE) 

HASAV  (BALL-1  COLOR  BLUE  POS)  (BLOCK- 1  SIZE  LARGE  POS)  (BLOCK- 1  COLOR  GREEN  POS) 
aABLE-1  COLOR  REO  POS) 

HASREL  (BALL-1  ON  TABLE-1  POS)  (BLOCK-)  ON  TABLE-1  POS) 


Figure  C.l  Program  trace  and  database  for  Input  2 


Figure  C.l  gives  a  segment  of  Appendix  C.  First,  a  display  of  the  database  is  given. 
From  it,  we  see  that  there  are  two  objects,  indicated  by  ISA,  namely,  BLOCK-1,  a  block, 
and  TABLE- 1,  t  table.  The  attributes  of  BLOCK-1  are  color  green  and  size  large,  given  by 
HASAV,  and  similarly  the  table  has  color  red.  The  next  line,  HASREL,  tells  that  BLOCK-1  is 
on  TABLE- 1. 

The  next  segment  in  the  figure  gives  the  trace  that  the  program  emits  as  it  scans 
the  sentence.  The  first  two  trace  lines,  starting  with  "ADDING"  show  what  the  program 
does  when  it  scans  the  phrase  "A  BLUE  BALL",  namely,  it  creates  an  object  BALL-1  (the 
second  ADDING)  and  makes  its  color  blue  (the  first  ADDING).  The  next  event  of  note 
happens  when  it  gets  to  "TABLE",  which  it  Knows  refers  to  TABLE-1,  the  third  program 
trace  line.  After  that,  it  finishes  up  processing  the  "ON",  which  was  left  hanging  until  the 
object  following  it  was  scanned.  It  notes  that  it  adds  the  relation  (BLOCK-1  ON  TABLE-1) 
with  the  last  ADDING  line.  Finally,  its  standard  reply  is  made. 
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The  database  after  the  run  Is  civen,  showing  that  it  has  added  an  Instance  to  each 
of  ISA,  HASAV,  and  HASREL. 


S  INPUT  TEXT  IS  *  THE  BALL  ON  THE  BLOCK  IS  SMALL  ' 
OBJ-1  AMBIG  B2-1  BALL-1  BALL-S  . 

OBJ-2  REFERS  BLOCK- 1 

RELRESTR  OBJ-1  B2-1  ON  BLOCK- 1  POS 

OBJ-1  REFERS  BALL-2 

PREOINCON  08J-1  S7-t  SIZE  SMALL  POS 

ADDING  SIZE  SMALL  (POS)  TO  BALL-2 

REPLY  ((OKAY)) 


Figure  C.2  Program  trace  for  Input  5 


Figure  C.2  gives  the  program  trace  only,  for  a  more  complicated  example,  to  show  a 
few  other  features  of  what  the  program  emits.  The  first  line  after  the  input  text  shows 
the  status  as  of  the  second  word,  which  has  been  tagged  internally  as  B2-1  (decoded:  the 
second  word,  which  starts  with  B,  the  first  token  for  such  a  word).  The  phrase  THE 
BALL**  has  also  been  named  OBJ-1,  and  the  main  point  of  the  message  is  that  OBJ-1  ia 
ambiguous,  referring  at  least  to  BALL-1  and  BALL-2  (in  this  case,  those  are  the  only 
referent  possibilities,  but  in  general,  more  would  exist,  with  the  same  message  printed). 
Continuing,  the  next  trace  message  says  that  OBJ-2,  the  name  given  to  the  second  noun 
phrase  "THE  BLOCK",  has  a  unique  referent,  BLOCK-1.  This  means  that  the  ON  relation  left 
hanging  can  be  completed,  noted  by  the  "RELRESTR"  line.  After  the  restriction  has  been 
done,  the  ambiguity  for  OBJ-1  has  been  resolved,  making  it  refer  to  BALL-2.  The  scan 
continues,  reaching  the  predicate  "SMALL".  It  notes  that  this  is  inconsistent  with  the 
subject  BALL-2  (referred  to  as  OBJ-1),  in  the  line  starting  with  "PREOINCON".  In  that  line, 

S7-1  refers  to  the  seventh  word  in  the  text  string,  which  starts  with  S,  namely  "SMALL". 

SiiKe  this  is  a  declarative  sentence,  the  inconsistency  is  taken  in  stride,  that  is,  it  is  added 
to  the  subject  as  a  new  attribute-value,  signalled  by  the  ADDING  line. 

Appendix  D  gives  a  rather  complete  trace  of  the  behavior  of  the  PS  on  Input  2, 
Including  each  P  firing  and  the  changes  it  made  to  the  Working  Memory.  The  reader 
should  be  able  to  follow  it  by  using  the  description  of  that  test  given  in  Section  B.2.  At 
the  end  is  a  full  display  of  the  Working  Memory.  To  understand  the  meanings  of 

predicates,  consult  Section  C.2;  the  program  itself  and  a  cross-reference  are  given  in 

Appendix  A  and  Appendix  B.  As  mentioned  above.  Appendix  C  gives  the  program’s 
behavior  for  the  full  set  of  tests.  In  addition,  the  portion  after  the  third  segment,  tests 
11-15,  gives  a  summary  of  the  control  flow  between  groups  of  Ps  (according  to  the  first 
letter  of  the  P  name)  for  that  test  segment. 

The  full  set  of  sentences  is  divided  into  five  segments,  for  ease  of  debugging  and 
presentation.  The  tests  are  given  to  the  program  via  the  X  Ps,  given  at  the  end  of 
Appendix  A.  The  first  segment,  tests  1-b,  consists  entirely  of  declarative  sentences, 
describing  an  initial  scene.  The  second  segment  is  four  queries  and  one  declarative 
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sentence.  The  queries  illustrate  some  of  the  simpler  descriptive  capabilities  ot  the  system. 
The  third  segment  has  as  its  main  new  feature  the  use  of  “NOT",  both  in  declarative  and 
interrogative  sentences.  It  should  be  clear  from  these  tests  that  the  way  the  program 
encodes  and  uses  negation  is  rather  primitive.  The  last  two  segments  are  similar.  They 
illustrate  the  processing  of  much  more  complex  sentences,  with  numerous  ambiguities, 
Inconsistencies,  and  redundancies  to  be  resolved. 


C.2.  Meanings  for  the  predicates  in  MiliPS 

The  descriptions  in  this  subsection  are  given  alphabetically  by  predicate.  The 
predicates  for  the  residual  database  are  ISA,  MASAV,  and  HASREL  Lexical  classifications 
start  with  the  letters  "IS".  Sentence  types  start  with  "GS“.  See  the  beginning  of  Appendix 
D  for  a  sample  of  how  an  input  sentence  is  represented  internally.  The  trace  itself  in  that 
appendix  and  the  display  of  the  entire  Working  Memory  after  the  program  finishes  on  that 
test  should  provide  some  clues  as  to  which  predicates  might  be  of  interest. 


Predicate  arguments  in  the  following  descriptions  are  typed  according  to  the 
conventions; 

a  attribute:  COLOR,  SIZE 
O  object:  BALL-1,  BLOCK -3,  etc. 
p  position  in  string:  Tl-1,  B5-1,  etc. 
r  relation;  IN,  ON,  UNDER,  and  NEAR, 
s  sign:  POS  or  NEC 

t  temporary  object  token:  OBJ-1,  OBJ-2,  etc. 

V  value;  LARGE,  REO,  etc. 
w,  X,  y,  z  arbitrary. 


AOOAV(o,t) 

ANSPf;EO(o,a.y,t) 

ANSPREDFIN(i.v.i) 

ANSPREOREO(o,«.v,i) 

ANSREl(ol.r,o2,i) 

ANSnELINC(ol.p.'.o2.«) 


ANSRElRE0(ol.f.a2.i) 

AVfiESTR(f,pAy.») 

cxjosign;*) 

CUR0BJ(ti.f2) 

CUROBJPdl.fZ) 

OtFOET(p) 

OErfNO(t.p) 

OESCRAV(oa*.») 

DESCRIBE(o) 


OESCRIBED(o.«,v.f) 

DCSCPNXdi.iZI 


■dd  n«w  (tlribuU  valuti  for  t  to  now  objoct  e.  (N)e 

aniwtr  I  quoatipn  tccordmt  to  (h«  roiull  of  tathnf  whothor  tti«  prodtcaf* 
(•.v.t)  ii  truo  ot  0  (V,  M) 

in«  prtdiot*  roproaantad  by  (a,v,a1  ia  tha  final  word  of  a  aontanoai  (V,  A) 
a  potantial  ANSPREO  ia  radundant  (V,  Mt 

anawar  lha  quaat;on  accordinj  to  whaltiar  (ol,r,o2,B)  ia  a  trua  ratation.  (V> 

IFt  rolation  (ol.r,o2,a)  la  inconawlani,  ae  anawar  accordinfly  (dapandint  on 
aantanca  lypa)  (V,  M) 
a  potantial  ANSREL  ia  radundant  (V,  M) 

raalricl  tha  poaafc'litiaa  for  t  by  applyinp  ttia  raatrtction  that  it  ba  (a,  v,  a).  (P, 

A) 

a  la  lha  ai|n  of  tha  meal  racant  copula  (R.  C) 

11  la  tha  currant  obiaci,  and  12  >a  lha  pravieua  currant  ona;  tl  and  t2  may  ba 
alto  ol  and  o2  by  lypa  tA,  R,  N,  E.  B,  M,  V,  C) 

II  and  12  art  pravioua  CUROBJ  paaa  (B,  M,  V,  C,  N) 

a  da'inita  dtlarminar  ,t  at  p  tN,  C) 

find  potafcia  rafaranfa  flNOPOSS)  for  t,  tl  p  (P,  N) 

daacriba  o  by  atltchmy  to  tha  hat  a  tha  valua  for  a  of  lha  allrArula  a,  if  any.  (0) 
daacribt  o  by  findmf  and  concaltnalmt  all  of  lha  (i^  v,  a)  propartiaa  for  e.  (D, 
V) 

0  haa  baan  (partially)  datcribad  uainf  (a,  v,  a)  (0) 

a2  followa  ai  m  lha  pradalarminad  ordar  of  daacribin|  lha  attrfculaa  of  an 
ob:act  (DESCRIBE)  (D) 


e  Latlars  in  paranthaaaa  altar  a  dafmilion  ara  initiala  of  P  froupa  in  which  lha  pradicata  ia  uaad 
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OCSCRPHRASE(a,ii)  n  ia  tha  final  output  phraao  daacribini  (DESCRIBE)  &  (V,  D) 

OETSEEN(p)  at  p  (hare  ia  a  datarminar,  aithar  dafinila  or  indafinifa.  (A,  N) 

ENDMARK(p)  p  mtrka  (ha  laf(  or  rifhl  and  of  (ho  input  atring  (S,  T,  E>  A,  N) 

EOxkk(p>  (ha  word  of  p  ia  aquol  to  khk.  (7,  G> 

ERROR(p,k)  an  arror  haa  occurred  ot  p;  x  ia  a  liat  to  bo  addad  to  (ha  raply.  (E,  S,  A,  R;  P,  H 
F.  B.  M.  V> 

ERRORS(p,x)  arror  aeon  from  right  to  loft  ia  at  p,  eolbeting  a  liat  x.  (E) 

ERRREF((,p)  for  rafaranca  in  caaa  of  arror,  t  ia  al  p.  (E,  B,  N,  G) 

FIN0AMBIGP((l,p,^v,a,t2)  link  backwarda  by  CUROBJP  ralationa  to  find  a  pha  with  ramainbig  anbigwHiaa 
to  attach  a  redundant  (a,  w,  a);  (2  ia  whara  tha  aaarch  atartadl  (1  la  lha  currant 
pbca  in  (ha  aaarch,  and  p  ia  lha  location  of  (ha  (a,  v,  a).  (8) 
FtN0AMBICR((l,p,r,o,a,l2)  lika  FINDAMBIGP,  but  for  a  rablion  (r,  o,  a).  (B) 

FINOPOSS(l,o)  0  ia  a  poeabb  roforent  for  (.  (F,  B,  V,  M) 

GSO(t)  a  ia  0  aontanoa  of  typa  SD,  a  daebrativo  aantanoa.  (N,  M,  V,  C) 

GSE(i)  I  ia  a  aantanoa  of  typo  SE,  daebrativo  alarting  with  "(hare*.  (M,  V,  6) 

GSOO(a)  z  ia  a  aantanoa  of  typo  QD,  tha  quaalion  form  of  a  D  typa  af  daebrativa  (GSO). 

(^^Q> 

GSOE(z)  z  ia  a  aantanoa  of  typa  SQE,  lha  quaalion  form  of  (ha  E  type  af  daebrativa 
(GSE).  (G,  N,  F,  M,  V> 

GSOW(z)  z  ia  a  aantanoa  of  typa  SOW,  (ha  quaation  form  atarting  with  *wha(*.  (N,  F,  B, 
M,  V,  C) 

GSQWR(z)  z  ia  a  aantanoa  of  typa  SOWR,  a  quaalion  atarlit<g  with  *whara*.  (M,  V,  C) 
GTVPEO(z)  z  haa  boon  (ypod  according  to  GSD,  GSE,  otc  (G) 

HASAV<o,a,v,a)  o  haa  value  v  for  attrbuta  a,  aign  a.  (E,  F,  B,  V,  D,  M,  N) 

KASRE(.(ol,r,o2,a)  ol  haa  (ha  rablion  r  to  o2,  aign  a.  (E,  F,  B,  V,  M> 

HASRELN((,r,a)  (  haa  tha  rabtion  r,  aign  a,  to  aoma  objoct  yet  to  ba  aeon  in  (ha  input.  (B,  R) 
INOEFDET(p)  an  indafinila  datarminar  ia  at  p.  (N,  G> 

ISA(e,w)  o  ia  an  objoct  of  tha  ebaa  w.  (E,  F,  0,  N) 

ISAV<p,a,v,a)  lha  attribula  vaKia  (a,  v,  a)  at  p  ehacka  out  granMoticallyi  continue  to  precaaa  it 
aa  auch  (A,  N,  F> 

ISAVW(p,a,v)  lha  word  at  p  ia  an  attrbuta  valua  (a,v)i  (hia  algnab  (ha  need  far  a  irawnar 
check.  (A,  T) 

ISCOP(p,a)  tha  word  at  p  ia  a  copulb  aign  a.  (G,  A  R.  N,  T) 

ISOEF(t)  I  ia  known  to  ba  a  dafinita  object  by  ita  datarminar.  (A,  N> 

ISINOEF(t)  I  ia  moditiad  by  an  indafinila  datarmirrar.  (A  N) 

ISN0UN(p,w)  the  noun  at  p,  word  w,  ia  grammatically  all  right;  iniliata  further  pracaaaing  on  It. 
<A  R.  P,  N,  G) 

I8N0UNW<p,w)  tha  word  el  p  ia  a  noub  w;  (hia  aignala  (ha  need  for  a  gramawr  check.  (G^  N,  T) 

ISPREO(p)  tha  AV  at  p  (aaa  ISAV)  ia  a  predicala,  which  maana  it  foHewa  a  copub  (A,  Rt  P, 

F) 

ISREl(p,w)  lha  rabtion  word  w  at  p  ia  all  right  grammatically;  centinve  to  proeaao  it.  (R,  N) 
ISRELPRON(p)  tha  robtiva  pronoun  al  p  ia  grammatically  all  right;  initiate  tha  normal  procaaaint 
for  it.  (P,  N) 

ISRELPRONW(p)  tha  word  at  p  ia  a  rebtiva  pronoun;  proceed  by  checking  whether  it  la 
grammatically  all  right.  <P,  T>  '  '  : 

ISRELW(p,r)  tha  word  at  p  ia  r;  thia  aignala  tha  need  for'a  grammar  check.  (R,  T) 

LEFT0F(pl,p2>  pi  ia  to  lha  left  of  p2  in  (ha  input  airing.  (S,  T,  E,  G,  A  A  Pi  N) 

MAKISA(p,w,tl,l2)  maka  tl  at  p  into  an  ISA;  ita  word  ia  w,  tha  previoua  object  ••  (2-  (B) 

NEWAV(l,B,v,a)  record  (a.  v,  a)  ao  it  can  ba  allachad  to  the  actual  object  (hat  I  rapraaanto, 
whan  it  bacomaa  datarminad  (N,  A) 

NEWOBJ(o)  0  ia  a  now  object  (new  ISA).  (F,  B,  N) 

NPB0UN0(p>  a  naur>>phraxa  boundary  ia  al  p.  (B,  S,  N) 

NPBOUNOL(p)  debit  the  NPBOUND  aignal  for  p.  (B,  N) 

NPGCHK(p)  check  that  it  la  grammatically  correct  to  atari  a  noun  phraao  at  p.  (N) 
NRESTR(t,p,w)  raatrict  (he  poaaibililiaa  for  t  at  p  lo  ba  nouna  of  ebaa  w.  (F,  N) 

NULLREF(t,p)  lha  aei  of  reforenta  for  t  al  p  ia  empty.  (F,  V) 

0CHK((,p)  chock  if  the  poaabb  rafarania  for  I  have  bean  roalrictad  to  a  unique  or  nuR  not. 
(F) 

OLOAV(p)  the  AV  at  p  ia  old  ISAV  haa  baon  reapondad  lo.  (A  F) 
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OLDREF(I)  the  REFERS  for  I  hoo  boon  OMoainod.  (B) 

OLOREKp)  <bo  rolafion  of  p  hoo  boon  proeoitodi  ISREL  boo  boon  rooporaM  to.  (R> 
PREOINCON((,p,a,v,o)  Ibo  prodicafo  (o,  v,  o)  io  inconoiotont  with  <  ot  p.  (B,  M,  E) 

PREOINCON  T(t,p,ii,v,o)  print  a  (raco  for  and  aaoort  tho  corroopondin|  PREOINCON.  (E.  B) 
PREDREOUN(t,p,a,v,o)  tho  prodicato  (a,  v,  a)  io  rodundant  for  t  at  p  (B,  M,  E) 

PREOREOUN  T(t,p,a,v.a)  print  a  iraca  for  and  oonar I  tho  corraopondint  PREDREOUN.  (E,  B) 
PREORESTR(t,p,i^v,a)  roatncl  tho  poaoeio  raforanta  for  (  at  p  accordint  io  whothor  (a,  v,  a)  ta  true. 
(F,  E) 

PREORESTR T(t,p.a,v,a)  print  a  traca  for  and  aaaart  tho  corraopondint  PREDRESTR.  (E,  B> 
PREORESTRCHK(t,p,a,v,a)  chock  whothor  tha  corraopondint  PREDRESTR  ahould  ba  appliad.  (B,  F) 

ONOUN(p)  tho  noun  at  p  io  a  quaation  noun.  (CS,  T) 

0WFIND(t,p)  find  paaabla  raforanta  (FINDPOSS)  for  t,  at  p.  (F,  G) 

QWR0ESCR2(o)  imtinto  tho  aacond  atap  in  tha  raply  tanaration  proeaaa  for  QWR  aanianoea  (aaa 
GSOWfl  and  0WRREPLV2)  (V> 

QWREPLV(o)  uaa  tho  raaulta  of  tho  DESCRIBE  proeaaa  to  a*ka  a  raply  for  a  QW  aontanoa 
(aaa  GSQW)  (V> 

OWRPHRASEl(o,x,w)  tha  currant  phraaa  in  buitdmt  tha  firat  part  of  tha  QWR  anawar  (aaa 
QWRREPLVl)  for  objoct  o  ia  a,  with  word  w  uaod  to  oaparata  furthar  additiono 
to  X  from  tha  praaant  x.  (D) 

QWflPHRASE2(o,x,w)  lika  (JWRPHRASEl,  but  for  tha  aacond  part  of  tho  QWR  anawar  (0WRREPLV2>. 

(0) 

0WRREPLVl(ol,r,o2,a)  includa  <r,  o2,  a)  in  tho  firat  kind  of  raply  for  a  OWR  aontanoa;  tha  firat  kind 
tivaa  rolationa  of  tha  main  object  ol  to  other  ofajocta  (0,  V) 
OWRREPLV2(ol,o2,r,t)  includa  (r,  ol,  a)  for  o2  in  the  aacond  kind  of  raply  for  a  QWR  aonfanoai  (ha 
aacorxl  kind  |ivaa  rolationa  of  othrr  objacta  o2  to  tho  main  object  ol.  (0,  V) 
QWRREPLV3(a)  fanerata  the  third  kind  of  raply  for  a  QWR  aantanoo,  which  covara  (ha  caaa 
whore  o  haa  no  rolationa  to  other  objacta.  (D,  V) 

REFERSd.o)  I  rafara  to  o,  t  may  alao  ba  of  lypa  o.  (F,  B,  M,  V,  N> 

RELINCON(t,p,r.o.a)  tha  relation  (r,  o,  a)  ia  inconaialent  with  t  at  p.  (B,  M,  E> 

RELINCON  T(l,p,r,o,a)  print  a  (race  for  and  aaaart  tha  corraopondint  REKNCON  (C,  S) 
RELREOLIN(l,p,r,o,a)  the  rolalion  (r,  o,  a)  la  redundant  for  t  at  p  (B,  M,  E) 

RELREOUN  T(t,p,r,a,e)  print  a  trace  for  and  aeaorl  the  corraapondint  RELREDUN.  (E,  B) 
RELRESTR(t,p,r,o,a)  raotnet  (he  poaafclo  raforanta  for  t  at  p  accordint  to  (ho  ralatioh  (r,  0,  ■).  (F,  E) 
RELRESTR  T((,p,r,o,a)  print  a  traca  for  arxt  aaaart  tho  corraopondint  RELHESTR.  (E,  B) 
RELRESTRCHKd.p.r.o.a)  chock  whalhar  the  corraapondint  RELRESTR  ahould  ba  appliad  (B) 

REPLV(x)  X  IB  a  liat  of  worda  conatitutint  an  axiarnal  raply.  (V,  E,  D) 

SCANtpl  the  acan  la  poaitionod  at  p  (S,  T,  C) 

SCANF[N(p)  tha  acan  le  finiahed  at  p.  (S.  V) 

SENT60LIND(z)  the  lontanco  boundary  haa  boon  reached  for  aonlenoe  t.  (V,  S) 

SENTENCE(z)  t  ia  tho  currant  input  aenlance  (S,  C,  N,  F,  B,  M> 

TEXT(x)  K  ia  tho  liat  of  worda  in  tho  input  atrint  (S> 

TRACING(x)  an  indicator  that  a  protram  (raco  la  baint  printed;  a  ia  a  dumny.  (S,  E,  F) 
WOROEO(p,«)  the  word  at  p  ia  aqual  to  x.  (T,  C,  E,  N) 
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WBlox  is  a  PS  that  solves  blocks  manipulation  problems,  taking  commands  from  an 
augmentation  of  MiliPS  and  performing  actions  on  the  scene  in  order  to  fulfill  the 
commands.  This  section  and  the  next  give  an  overview  of  the  WBlox  part  of  the  system 
and  then  more  details,  respectively.  Section  D.l  presents  a  few  examples  of  the 
problems  solved  by  the  system.  Section  D.2  sketches  the  changes  made  to  MiliPS  in 
order  to  handle  the  expanded  task  domaia  Section  D.3  discusses  the  goal>subgoal 
mechanism  used  to  solve  problems,  and  describes  the  way  backtracking  works,  allowing 
choices  to  be  tried,  undone,  revised,  and  tried  again.  Section  D.4  through  Section  D.6 
discuss  issues  with  respect  to  the  particular  PS  implementation,  and  with  respect  to 
implementation-independent  features  of  the  task  domain  that  were  elucidated  by  the 
present  work.  Section  0.7  compares  PSs  with  the  original  Micro-Planner  implementation. 


D.l.  A  few  examples  of  WBlox  tasks 

WBlox  starts  with  a  toy  blocks  scene  identical  to  that  used  by  Winograd  (1972), 
namely,  a  tabletop  with  a  box  and  a  variety  of  rectangular  blocks  and  rectangular-based 
pyramids.  The  test  sentences  given  to  the  MiliPS/WBlox  system  were  designed  to  test  the 
blocks  problem-solving  capabilities  and  exercise  as  many  of  the  Ps  as  possible.  This 
contrasts  with  Winograd's  apparent  preference  for  exercising  only  the  natural  language 
capabilities  (though  not  necessarily  exhausting  all  of  them)  and  only  using  those  parts  of 
the  blocks  program  that  were  evoked  as  a  result  of  that.  Thus  what  is  presented  here  and 
more  fully  in  the  next  section  and  Appendix  H  is  a  more  complete  demonstration  of  the 
blocks  problem-solver  designed  by  Winograd  than  was  given  by  him. 

The  first  input  sentence  is  a  simple  command  to  put  one  object  on  another. 

INPUT  1;  (PUT  THE  SMALL  RED  BLOCK  ON  THE  BLUE  BLOCK) 

The  MiliPS  part  of  the  whole  system  recognizes  that  the  small  red  block  is  not  already  on 
the  blue  block,  i.e.,  that  there  is  a  serious  inconsistency  in  the  sentence.  Because  it 
involves  a  relation  that  can  be  associated  with  the  PUT  command,  that  inconsistency 
becomes  the  intent  of  the  sentence,  and  is  given  to  the  problem-solving  part  of  the 
system.  In  the  initial  scene,  the  small  red  block  has  a  pyramid  on  top  of  it,  so  that  the 
first  problematic  part  of  this  command  is  to  find  another  place  to  put  the  pyramid.  This 
evokes  the  goal  to  GETRIDOF  the  pyramid.  GETRIDOF  in  general  first  searches  on  the 
table  for  an  empty  place,  then  looks  at  blocks  in  the  scene  to  see  if  space  is  available 
there.  In  the  present  case,  it  has  no  trouble  finding  space  on  the  table,  and  proceeds  to 
move  its  hand  to  the  pyramid,  grasp  it,  lift  it  to  some  random  location  within  the  clear 
region  on  the  table  that  it  selected,  and  let  go  of  it.  Now  the  pyramid  is  out  of  the  way, 
so  the  program  looks  for  space  on  top  of  the  blue  block.  The  blue  block  is  all  clear,  and  is 
big  enough  to  accommodate  the  red  one,  so  the  program  goes  through  a  sequence  of 
grasping,  lifting,  and  so  on,  similar  to  that  for  the  pyramid,  to  put  the  block  in  that  clear 
space. 

REPLY  1:  (1  (OKAY)) 

The  MiliPS  subsystem  responds  OKAY  after  checking  that  what  was  commanded  has 
actually  been  accomplished  by  the  WBlox  PS.  Outputs  are  tagged  with  integers  (“I"  here) 
In  case  there  is  a  set  of  replies,  to  provide  a  sequencing  for  them. 


0.1 


Overview  of  WBlox 


MiliPS/WBlox 


We  now  skip  over  two  inputs,  one  asking  a  question  and  the  other  commanding  that 
a  green  block  be  put  in  the  box. 

INPUT  4:  (PUT  THE  GREEN  BLOCK  ON  THE  BLOCK  IN  THE  BOX) 

Looking  at  this  superficially,  it  is  ambiguous  in  a  couple  of  ways.  At  the  command  level,  it 
appears  ambiguous  because  the  system  Knows  two  ways  to  PUT,  namely  IN  or  ON,  so  that 
the  input  may  be  requesting  a  PUT  ...  IN  or  PUT  ...  ON  action.  This  ambiguity  is  resolved 
by  normal  processing  of  the  sentence:  the  IN  phrase  is  needed  to  resolve  the  reference  to 
THE  BLOCK”,  so  that  only  ON  remains  as  a  candidate  for  the  main  command  action.  The 
superiority  of  the  bottom-up  approach  over  a  top-down  one  is  evident  here,  and  the 
difference  between  the  two  can  be  accentuated  further  by  adding  more  relations.  The 
second  ambiguity  is  presented  by  THE  GREEN  BLOCK”.  There  are  two  green  blocks  in  the 
scene,  but  fortunately,  both  are  referred  to  in  this  sentence:  one  is  in  the  box,  so  it  is  the 
second  block,  which  forces  the  ambiguity  of  the  first  one  to  be  resolved  in  favor  of  the 
other  one.  This  other  green  block  is  not  on  the  first  one,  the  one  in  the  box,  so  that  the 
inconsistency  is  taken  as  the  intention  of  the  command,  and  the  WBlox  part  of  the  system 
can  work  on  the  specific  problem  posed.  This  problem  is  solved  directly  by  moves  similar 
to  those  used  in  the  first  INPUT  above,  since  no  other  objects  are  in  interfering  locations. 
The  program's  reply  is  the  same  as  in  the  preceding  example. 

For  the  next  example,  we  skip  a  few  inputs  that  had  no  effects  of  concern  to  us  at 
present. 

INPUT  12:  (PUT  A  SMALL  PYRAMID  AND  A  SMALL  PYRAMID  AND  A  GREEN  BLOCK  AND 
THE  SMALL  RED  BLOCK  ON  THE  LARGE  RED  BLOCK) 

Several  things  of  note  occur  in  the  input.  The  use  of  "A"  in  a  command  causes  the  system 
to  choose  from  among  a  set  of  existing  objects  that  match  the  given  description,  rather 
than  creating  a  new  object  as  was  the  case  in  MitiPS  alone.  In  fact,  in  this  case  it  chooses 
two  pyramids,  taking  care  to  make  the  choices  distinct.  The  use  of  ”AND"  means  that  all 
conjoined  objects  are  the  main  ones  for  the  command,  that  is,  the  command  works  with  a 
sot  of  objects.  The  command  is  to  put  the  set  on  the  large  red  block,  since  the  final 
phrase,  starting  with  "ON",  is  inconsistent  with  the  scene. 

From  the  point  of  view  of  the  problem-solving  system,  this  command  presents 
difficulties  because  all  of  the  specified  objects  will  not  fit  on  the  large  red  block  unless 
some  of  them  are  piled  on  top  of  each  other  in  some  way.  WBlox  does  not  recognize 
ahead  of  time  that  the  area  isn’t  sufficient,  but  rather,  attempts  to  put  them  on,  trying  a 
couple  of  variations  in  arrangement  (which  exhausts  the  possibilities  in  this  case),  before 
deciding  to  try  the  necessary  packing  operation.  When  working  with  a  set  of  objects, 
WBlox  tries  to  place  the  largest  first,  then  the  next-largest,  etc.  In  this  case,  after  placing 
three  of  the  four  objects,  the  space  is  filled,  so  it  backs  up  and  tries  to  put  the  third 
object  in  a  different  location.  This  fails  because  the  third  object  filled  up  the  only 
available  space.  It  then  backs  up  further  and  tries  to  put  the  second  object  in  a  different 
location.  Now  the  second  and  third  objects  used  up  a  rectangular  region  on  the  large  rod 
block,  each  filling  up  half  of  it,  and  the  program  always  tries  to  pack  objects  closely 
together  when  it  is  putting  a  set  of  them  somewhere,  so  that  there  is  really  no  alternative 
place  to  put  the  second  object  either  -  packing  implies  using  the  lower  left-hand  corner  of 
the  region.  (The  program  doesn’t  reason  in  this  way,  exactly,  but  tries  to  locate  space  and 
finds  only  the  point  already  seen.)  So  it  backs  up  to  the  first  object,  and  can  find  no 
alternative  place  for  it  either,  for  similar  reasons.  Thus  it  has  backed  up  to  its  starting 
place,  and  now  it  pursues  an  alternative  strategy,  called  the  PACK  strategy,  which  says 
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place  an  objecf,  then  try  to  put  one  other  object  on  top  of  it,  then  place  the  next  object, 
and  so  on.  It  puts  the  first  object  on  the  large  red  block,  then  puts  the  second  object,  a 
pyramid,  onto  the  first  object,  then  puts  the  third  object  onto  the  large  red  block,  and  the 
fourth  on  top  of  the  third. 

REPLY  12:  (i  (FAILED  TO  PLfT  PYRAMID-3  ON))  (1  (FAILED  TO  PUT  PYRAMID-1  ON)) 

(2  (OKAY)) 

The  program  replies  that  the  two  pyramids  aren’t  strictly  on  the  large  red  block  as  it  had 
expected,  and  then  says  OKAY  anyway,  because  some  of  the  things  it  expected  were 
fulfilled.  (The  first  two  replies  are  tagged  identically  because  they  were  noticed 
"simultaneously".)  The  two  pyramids  were  in  fact  placed  on  the  two  blocks  that  were 
placed  on  the  large  red  block  (pyramids  being  preferred  by  PACK  for  placement  on  top  of 
just-placed  blocks,  since  nothing  can  be  put  on  a  pyramid). 

This  time  inputs  not  shown  have  had  the  system  put  some  more  things  in  the  box, 
and  had  it  add  some  new  black  blocks  to  the  scene.  It  has  just  picked  up  one  of  the  black 
blocks. 

INPUT  18:  (PUT  IT  IN  THE  BOX) 

"IT"  always  refers  to  the  object  in  the  hand  of  the  model,  by  convention.  There  is  no 
trouble  understanding  the  input,  but  severe  problems  in  carrying  it  out.  The  program  fails 
to  find  enough  clear  space  in  the  box  to  put  the  block  that  it’s  holding,  so  it  tries  a  drastic 
strategy:  clearing  out  all  the  things  in  the  box,  and  putting  them  back  in  in  PACK  mode, 
placing  them  all  as  closely  together  as  possible.  As  above,  the  PACK  operation  includes 
putting  every  other  object  on  top  of  one  just  placed  rather  than  on  the  box  proper.  It 
succeeds,  after  about  65  subgoals  and  70  primitive  grasp,  lift,  and  let-go  actions  (about 
ten  times  more  than  required  for  INPUT  1  above).  The  program  responds  simply  OKAY  es 
above. 


The  final  example  we  consider  here  consists  of  building  a  stack  of  objects. 

INPUT  19:  (STACK  UP  A  LARGE  RED  BLOCK  AND  A  SMALL  BLOCK  AND  IT  AND  A 

SMALL  PYRAMID  AND  A  BLACK  BLOCK  AND  A  LARGE  GREEN  BLOCK  AND  A 
SMALL  PYRAMID) 

In  stacking  up  a  set  of  objects,  the  program  first  chooses  the  largest  block  as  the  base  of 
the  stack  and  places  it  on  the  table.  As  its  next  step,  which  is  repeated  until  all  the  blocks 
have  been  placed,  it  selects  the  largest  block  that  hasn't  been  placed  and  puts  it  on  the 
top  of  the  stack  (the  block  in  the  set  of  things  to  be  stacked  that  has  nothing  on  top  of  it). 
In  this  step,  if  the  largest  block  that  hasn’t  been  placed  is  too  big,  it  is  left  out,  and  the 
next  one  selected  instead.  Also,  if  there  are  two  or  more  blocks  that  are  the  next-largest, 
and  if  one  of  them  is  already  in  the  right  place,  it  is  left  there  and  the  process  continues 
to  the  next  (the  program  also  notices  if  the  base  of  the  stack  is  already  on  the  table  when 
it  starts).  After  all  blocks  are  placed,  the  program  selects  the  biggest  pyramid  from  the 
set  that  wiil  fit,  if  any,  and  places  it.  Any  other  pyramids  must  bo  loft  out. 

REPLY  19:  (1  (LEFT  OUT  PYRAMIO-3)) 

The  program  checks  for  completion  of  the  command  by  checking  an  internal 
representational  set  that  records  stacks  of  objects.  This  stack  record  is  kept  for  all  object 
movements;  whenever  one  object  is  put  on  a  block  (table  and  box  are  excluded  as  stack 
members,  by  this  definition)  it  becomes  a  member  of  the  block’s  stack,  or  if  the  block 
wasn’t  in  a  stack,  a  new  stack  is  created  with  both  objects  in  it.  For  this  reply,  the 
program  noted  that  one  of  the  pyramids  is  not  in  the  same  stack  as  all  the  other  objects 
that  it  was  to  stack  up.  This  is  right,  because  the  command  was  not  completely  fulfillable. 
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given  that  pyramids  can’t  support  other  objects.  MiliPS  could  in  principle  recognize  such 
ill-formed  commands,  but  it  doesn't. 


0.2.  Changes  to  MiliPS  for  the  WBlox  task 

Appendix  E  gives  the  portions  of  MiliPS  that  changed  in  converting  it  to  translate 
the  external  language  into  inputs  for  WBlox.  This  subsection  describes  the  changes, 
following  roughly  the  order  of  their  appearance  in  that  appendix.  Most  of  the  changes, 
70%  were  additions  of  P$,  and  the  rest  were  minor  changes  to  existing  Ps,  usually 
changing  one  condition  or  action  element.  No  Ps  were  deleted.  There  are  three  main 
Kinds  of  changes:  lexical  and  grammatical  changes,  which  are  rather  minor;  changes  to  how 
relations  are  handled,  adding  two  new  varieties  of  relations,  indirect  ones  artd  computable 
ones;  and  changes  to  main  sentence  semantics  in  order  to  interface  to  the  blocks  problem¬ 
solving  Ps.  After  describing  the  changes,  the  varieties  of  blocks  commands  are  described, 
along  with  details  on  main  sentence  semantics  for  them.  Finally,  the  changes  in  internal 
representation  of  the  scene  are  sketched. 

In  the  tagging  Ps  (T  Ps)  are  all  of  the  changes  that  effect  modifications  to  the 
acceptable  language.  The  system  now  knows  about  PYRAMID  where  it  used  to  treat  BALL 
To  make  that  change,  only  two  Ps  were  changed,  one  a  T  and  one  an  N,  the  N  that  handles 
creation  of  new  scene  objects.  The  word  IT  is  recognized  as  a  noun  phrase,  and  is  taken 
always  to  refer  to  the  object  in  the  model’s  hand.  This  requires  only  a  single  P,  which 
does  all  the  actions  necessary  to  make  the  system  believe  that  a  noun  phrase  just  went 
by.  This  approach  was  taken  as  the  easiest  way  to  ensure  that  objects  in  the  hand  could 
be  referred  to  uniquely,  the  problem  being  that  such  objects  don't  have  the  same  relations 
to  other  objects  that  other  objects  do.  It  was  easier  than  adding  the  code  necessary  to 
make  use  of  phrases  like  "in  the  hand"  or  "that  you  are  holding".  IN  and  ON  are  now 
tagged  as  indirect  relations,  to  be  discussed  below,  and  TO  THE  LEFT  OF,  TO  THE  RIGHT  OF, 
BEHIND,  IN  FRONT  OF,  ABOVE,  and  BELOW  are  recognized  as  computable  relations,  also 
discussed  below.  The  new  prepositions  UP  and  DOWN  are  also  recognized,  but  they  are 
only  lexically  treated  as  relations,  and  are  otherwise  just  complementary  modifiers  for 
command  words. 

The  G  Ps  have  a  number  of  changes  relating  to  main  grammar  types.  These  changes 
etso  carry  over  into  N  Ps  and  B  Ps,  some  of  which  are  discussed  here,  others  later.  First, 
blocks  commands  are  a  new  typo  of  sentence,  the  imperative,  or  <SI>,  called  GSI  internally. 
In  such  Imperatives,  "A"  is  taken  as  meaning  a  choice  is  to  be  made,  as  opposed  to  the  old 
action  of  creating  a  new  scene  object.  The  actual  choice  is  made  by  B  Ps.  The 
imperatives  start  with  a  particular  set  of  command  words,  PICK,  GRASP,  STACK,  and  PUT;  G 
Ps  recognize  these  and  assign  the  imperative  type  to  the  sentence  at  hand.  At  the  same 
time,  these  words  set  up  expectations  of  complementary  modifiers,  for  instance,  PICK 
expects  UP  somewhere,  PUT  may  be  followed  by  DOWN,  etc.  "AND"  Is  recognized  as  a 
noun-phrase  boundary  and  is  used  to  conjoin  only  main  sentence  objects  in  imperative 
sentences.  The  grammatical-adjacency  tests  for  noun  phrase  were  rewritten  to  make 
control  cleaner  and  augmentation  easier  -  augmentation  now  requires  only  the  addition  of 
Ps,  not  also  the  addition  of  negated  conditions  in  a  P  that  recognizes  bad  conditions. 
Similar  changes  could  have  been  made  to  other  such  Ps,  but  one  illustration  is  sufficient, 
and  the  others  didn’t  require  modification  anyway. 
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In  the  F  Ps,  the  relation  restriction  process,  by  which  relations  are  used  to  restrict 
possible  referents,  is  split  into  two  stages  to  handle  a  peculiar  kind  of  ambiguity  in 
imperatives.  The  command  PUT  expects  some  kind  of  inconsistency  to  occur,  so  that  it  can 
turn  that  into  a  command  to  be  fulfilled,  but  this  can  interfere  with  the  determination  of 
referents  when  there  is  a  relation  that  might  be  interpreted  as  both  a  valid  restriction  and 
an  inconsistency.  That  is,  a  relation  might  be  true  of  one  possibility,  while  another 
possibility  exists  for  which  the  relation  is  not  true.  Given  the  two  distinct  interpretations, 
the  process  assumes  the  relation  is  to  be  used  as  a  normal  restriction,  but  saves  the  other 
possibility  as  something  that  can  be  used  in  case  no  other  inconsistency  can  be  found. 
Test  sentence  IS  illustrates  this  kind  of  ‘‘backup*. 

The  way  that  the  new  classes  of  relations  are  handled  shows  up  in  changes  to  f  Ps 
and  B  Ps.  Computable  relations  are  the  ones  that  depend  on  exact  locations  in  the  scene, 
for  instance,  IN  FRONT  OF  (that  locations  are  now  exact  is  discussed  below  along  with 
other  representational  changes).  When  these  relations  are  completed,  that  is,  have  definite 
objects  to  which  the  relations  are  to  be  applied,  a  B  P  evokes  a  set  of  F  Ps  that  assert 
temporary  relations  into  Working  Memory  that  represent  specific  computable  relations. 
For  instance,  when  "TO  THE  RIGHT  OF  THE  LARGE  PYRAMID"  is  scanned,  assuming  only  one 
large  pyramid,  a  computation  is  made  to  determine  all  objects  to  its  right,  and  temporary 
representations  of  all  of  the  resulting  TORIGHTOF  relations  are  asserted.  These  relations 
are  used  to  restrict  other  referents  in  a  way  similar  to  ordinary  relations  and  to  Indirect 
relations,  to  be  discussed  now. 

Recall  that  the  "check-relation-restriction"  process  (see  Figure  B.2),  which  is  B  Ps, 
checks  to  make  sure  a  relation  restriction  is  applicable  before  going  ahead  with  it.  In  that 
process,  when  a  relation  that  is  tagged  as  indirect  is  encountered,  Ps  ere  evoked  to 
compute  temporary  indirect  relations  from  the  specific  relation  that  is  the  subject  of  the 
check.  Indirect  relations  are  the  transitive  closure  of  a  relation,  and  are  computed  by  the 
BIO  Ps.  For  instance,  given  "IN  THE  BOX",  a  transitive  closure  is  computed  using  ON,  by 
asserting  indirectly-IN  for  all  objects  ON  objects  in  the  box,  and  for  all  objects  indirectly- 
IN,  and  so  on.  The  relation  ON  is  also  given  the  same  treatment,  propagating  indirectly* 
ON'S.  The  actual  referent-restricting  Ps  (F  Ps)  are  augmented  by  a  set  of  Ps  that  use 
these  indirect  relations  in  a  way  similar  to  the  way  the  restrictions  for  normal  relations 
were  used  before.  The  indirect  relations  are  erased  from  Working  Memory  after  each 
input  sentence  is  finished  (along  with  everything  else  except  the  representation  of  the 
scene).  An  alternative  that  would  have  required  fewer  added  Ps  would  have  been  to 
assert  normal  relations  and  some  record  that  certain  normal-looking  relations  are  really 
temporary,  so  that  they  could  be  explicitly  erased  at  sentence  boundaries.  These 
temporary  relations  would  then  enter  perhaps  into  blocks  manipulation  updating 
operations  and  into  the  process  that  describes  the  scene  and  its  objects  -  it  is  not  clear 
that  this  is  desirable. 

Now  that  there  is  provision  for  such  indirect  relations,  any  further  classes  of 
relations  that  are  to  be  treated  as  temporary  need  not  require  further  Ps  to  be  handled 
properly.  The  present  program  has  an  example  of  this,  in  that  computable  relations  are 
kept  in  the  same  form  as  are  indirect  ones,  and  don’t  require  mechanisms  beyond  the 
initial  assertion.  Ultimately,  if  the  scene  should  be  represented  as  a  more  long-term  entity 
in  the  Ps  themselves,  all  Working  Memory  relations  would  bo  temporary,  so  that  further 
decisions  would  have  to  be  made  as  to  differential  treatment  of  types  of  temporary 
relations. 
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Tho  M  ^  have  two  types  of  chances,  reflecting  new  main  semantic  action.  The  new 
<SI>  imperative  sentence  class  occurs  in  several  P  conditions  that  want  to  restrict  the 
class  of  sentences  to  which  they  apply.  The  M60*M80s  are  specific  Ps  added  to  process 
<SI>-specific  information  and  issue  commands  to  the  blocKs  probiom-solving  Ps.  Within 
thesei  redundancies  and  inconsistencies  are  treated  according  to  the  new  conventions 
reciiiired  for  imperatives,  to  be  discussed  further  beiow. 

Tho  V  Ps  also  have  a  couple  of  modifications  and  augmentations.  There  is  a  set  of 
Ps  that  handles  reply  generation  for  imperatives,  which  includes  checking  that  commends 
were  actually  carried  out.  Replies  themselves  are  now  numbered,  so  that  textualty 
identical  descriptions  can  be  distinguished,  for  instance  the  two  "LARGE  GREEN  BLOCK’S  in 
the  reply  to  the  sixth  test  sentence.  The  count  of  replies  is  initialized  at  the  beginning  of 
the  scan  by  a  T  P. 

There  are  four  commands  that  are  extracted  from  input  sentences  and  issued  to  the 
WBlox  Ps.  The  PICKUP  command  is  obtained  from  sentences  of  the  form,  "PICK  . . .  UP  . . . 
",  where  either  may  be  empty  in  particular  cases.  For  this  form,  referents  of  objects 
must  be  exact.  The  program  checks  that  it  is  not  already  holding  in  the  hand  the  main 
object  in  the  sentence.  This  form  will  not  take  compound  phrases,  since  the  hand  can  only 
hold  one  thing  at  a  time. 

The  PUTDOWN  command  is  obtained  from  sentences  of  the  form,  "PUT  . . .  DOWN  .  . . 
",  where  either  "... ."  may  be  empty.  As  for  PICKUP,  referents  must  be  exact,  and  further, 
the  object  referred  to  must  be  in  the  hand.  Actually,  all  such  forms  can  simply  be 
expressed  as  "PUT  IT  DOWN". 

The  PUTON  command  comes  from  forms  "PUT  .  .  .  The  PUT  can  be  matched  to 
either  ON  or  IN  (the  latter  only  goes  with  the  BOX,  and  becomes  a  PUTON  that  is  processed 
specially  in  some  cases).  This  form  may  take  compound  main  nouns.  The  system 
processes  all  such  as  a  set,  applying  a  single  relation  to  them  all.  The  specific  relation  to 
be  applied  to  the  main  noun  or  nouns  is  obtained  from  an  inconsistency  in  the  sentence. 
At  present,  this  is  restricted  to  IN  and  ON,  but  in  principle  it  should  apply  to  any  relation, 
with  the  intent  of  the  command  to  make  that  relation  true  (the  restriction  is  inherited  from 
Winograd's  program).  The  explicitness  of  inconsistency  considerations  hers  makes  that 
Kind  Of  extension  quite  feasible,  whereas  it  is  not  clear  that  such  a  general  mechanism 
would  arise  naturally  from  Winograd's  treatment  (whatever  it  was  in  this  case).  If  an  input 
contains  a  redundancy  but  no  inconsistency,  or  if  it  contains  neither,  it  is  a  redurufant 
command  and  requires  no  action;  the  program  in  the  latter  case  will  complain,  but  in  the 
former  will  say  OKAY. 

The  STACKUP  command  comes  from  sentences  like  the  PICKUP  one,  with  STACK 
instead  of  PICK.  These  forms  must  have  compound  main  nouns,  and  the  referents  must  be 
exact. 


Finally,  we  sketch  the  representational  changes  necessitated  by  the  addition  of 
manipulations  to  the  scene,  done  by  WBlox.  The  primary  change  is  that  Objects  have 
specific  spatial  locations  and  sizes,  according  to  a  standard  three-dimensional  coordinate 
system.  As  in  Winograd’s  system,  an  object  can’t  be  rotated,  and  is  always  rectangular 
and  aligned  with  the  coordinate  axes.  The  location  of  an  object  is  the  location  of  its 
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lower -left-hand  corner  (minimum  x,  y,  and  z  values).  There  is  now  a  hand  in  the  scene, 
represented  as  a  point  with  neither  size  nor  attributes  nor  relations  to  other  objects, 
except  that  it  can  be  grasping  or  empty.  All  relations  are  now  assumed  to  be  positive 
(POS),  where  in  MiliPS,  distinction  was  made  between  POS  and  NEGL  To  have  negatives 
would  be  to  allow  a  certain  vagueness  that  doesn't  fit  with  exact  locations  (although 
ultimately  it  might  be  desirable,  for  a  fully  general  system),  e.g.,  "NOT  IN  THE  BOX”  would 
have  an  object  seemingly  floating  freely  at  any  location  not  on  the  box’s  surface.  (This  is, 
I  believe,  independent  of  whether  "NOT"  can  be  handled  in  inputs,  which  it  now  cannot 
be.)  There  is  a  new  structure  that  is  Kept  track  of  in  the  scene:  the  stack.  A  simple  stack 
is  just  a  set  of  objects,  one  on  top  of  another  up  to  some  height.  The  generalized  notion 
of  stack  here  is  that  an  object  is  in  a  stack  whenever  it  is  on  top  of  an  object  in  a  stack. 
A  stack  is  created  whenever  an  object  is  placed  on  top  of  another  that  is  not  already  in  a 
stack  (except  the  table  and  the  box).  Thus  stacks  really  include  tree-like  structures  of 
blocks  -  all  blocks  in  such  a  structure  are  in  the  same  stack. 


D.3.  The  main  components  of  WBlox 

For  the  most  part,  the  WBlox  Ps  work  independently,  as  a  submodule,  of  the  MiliPS 
system.  The  language  produces  a  single  command  or  a  set  of  instances  representing  a 
command  on  a  set  of  objects,  which  evokes  specific  WBlox  top-level  Ps,  which  in  turn 
evoke  the  full  problem-solving  system.  When  the  problem  solving  is  finished,  the  top-level 
goal  succeeds  and  control  falls  back  to  some  checking  signals,  left  around  when  the  WBlox 
Ps  are  evoked,  which  evoke  a  process  that  checks  the  results  and  forms  a  reply. 

There  are  four  top-level  operators  that  are  evoked  from  outside  the  WBlox  system: 
PICKUP,  which  commands  a  specific  block  to  be  picked  up;  PUTDOWN,  which  commands  a 
specific  block  to  be  put  down  on  the  table  or  wherever  there  is  space  available;  PUTON, 
which  commands  that  an  object  or  a  set  of  them  be  put  on  some  other  specified  object 
(PUTON  irKludes  putting  things  in  the  box);  and  STACKUP,  which  commands  that  a  set  be 
stacked,  one  on  top  of  another. 

There  are  eight  subordinate  operators  that  are  used  by  the  top-level  ones  and  by 
each  other  as  subgoals  to  accomplish  particular  action  sequences.  PUTONl  puts  a  single 
object  on  another  object;  PACK  puts  a  set  of  objects  onto  an  object,  under  the  constraint 
that  they  are  to  be  packed  as  closely  as  possible.  GETRIDOF  involves  finding  some  unused 
space  to  put  an  object  and  going  through  the  actions  that  put  it  there.  CLEAROFF  uses 
GETRIDOF  iteratively  to  clear  everything  off  some  object.  PUT  takes  an  object  and  places 
it  at  a  specific  location.  GRASP  attaches  the  hand  to  an  object,  sometimes  necessitating  a 
CLEAROFF  so  that  it  can  do  so,  as  well  as  an  occasional  GETRIDOF  for  what  the  hand  is 
already  holding.  RAISEHANO  computes  a  location  above  where  the  hand  Is,  and  moves  it 
there.  MAKESPACE  tries  to  clear  away  just  enough  objects  from  a  surface  to  free  up 
space  to  fit  a  particular  object. 

The  preceding  set  of  operators  all  make  use,  ultimately,  of  a  small  set  of  primitive 
operators,  which  do  the  actual  changes  to  the  scene  model  and  which  do  not  further  evoke 
other  actions.  MOVEHANO  moves  the  hand  from  one  location  to  another,  doing  all  the 
necessary  updating  to  object  locations,  to  IN  and  ON  relations,  and  to  stack  structures. 
MOVEHAND  fails  to  do  the  motion  if  the  location  moved  to  is  not  clear  to  the  extent 
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required  for  the  object  that  the  hand  is  grasping.  UNGRASP  causes  the  hand  to  let  go  of 
en  object  it’s  holding.  The  converse  of  UNGRASP  is  to  assert  that  the  hand  is  grasping,  an 
action  that  is  a  subpart  of  the  GRASP  action  and  not  separated  as  a  named  primitive.  The 
moat  complex  primitive  in  the  system  is  FINOSPACE,  which  is  sometimes  entered  at  one  of 
its  subordinate  steps,  LOCATESPACE.  FINDSPACE  scans  the  surface  of  a  specific  object  to 
find  an  open  region  suitable  for  placing  another  object.  It  is  the  only  primitive  that  fails 
explicitly  with  s  signal  that  is  then  processed  in  specific  ways  by  the  evoking  process. 
Further  levels  of  primitiveness  can  be  imagined,  but  (hey  weren’t  implemented  here  or  in 
the  original  system  being  imitated.  For  instance,  MQVEHAND  could  involve  computing  actual 
trajectories  for  the  motions,  so  that  no  collisions  with  other  objects  occur.  These 
considerations  are  simply  assumed  to  be  always  solvable  and  not  touched  on  further  here, 
although  it  is  conceivable,  for  instance,  that  the  trajectory  computation  might  not  be 
possible  without  further  rearrangements  of  blocks. 

•  Figure  D.1  gives  an  outline  of  how  the  blocks  commands  interact.  The  components 
of  the  outline  structure  in  the  figure  are  the  Operators.  Arguments  for  the  operators  are 
given  in  parentheses,  and  comments  are  given  in  square  brackets.  In  form,  the  structure  is 
an  AND-OR  graph,  with  connections  of  nodes  to  other  nodes  in  the  graph  indicated  by 
comments  "above"  and  "iterates".  This  connection  notation  is  modified  to  mean  a  copy  of 
the  structure  with  modifications,  when  such  modifications  are  also  given  in  the  comment, 
e.g.,  "without  MAKESPACE"  is  such  a  modificational  comment.  In  numbered  sequences,  AND 
is  implicit  between  steps,  e.g.  1  AND  2  AND  3  under  PUT.  OR  is  given  explicitly  and  means 
the  step  in  question  has  alternatives,  if  the  OR  is  between  two  steps  with  the  same 
number,  or  it  means  the  sequence  of  steps  preceding  the  OR  has  the  steps  following  it  as 
an  alternative,  if  sequence  numbers  differ  directly  before  and  after  the  OR.  One  ambiguity 
with  this  definition  of  OR  is  under  PUTIN,  where  1  is  to  be  alternated  with  1  AND  2 
following  the  OR,  not  1  AND  2  OR  second  1  AND  2.  The  comment  "primitive"  indicates 
primitives  in  the  above  categorization  of  operators.  The  comment  "iterates"  means  that 
the  iteration  is  to  be  through  the  set  in  the  immediate  vicinity,  until  the  set  is  exhausted. 
Details  on  how  the  various  selections  and  primitives  work,  and  on  how  sequencing  is  done 
in  particular  cases  will  be  presented  in  Section  L  The  remainder  of  this  subsection  makes 
general  comments  on  organization. 

Most  of  the  components  given  in  Figure  D.1  work  within  a  set  of  conventions  that 
make  up  a  eoal-subgoal  mechanism.  The  top-level  goals  are  commands  from  the  input 
language  via  MiliPS.  Subgoals  arise  as  the  components  or  operators  encounter  difficulties 
in  being  immediately  applicable.  Specific  problems  that  can  arise  are  encoded  as  Ps  that 
recognize  difficulties,  and  that  then  construct  the  appropriate  subgoals.  Sequencing  of 
both  the  AND  and  OR  types  is  by  using  a  couple  of  specific  goal-related  signals,  one  of 
which  (the  predicate  NEXT)  specifies  what  to  co  if  a  subgoal  succeeds  (AND),  and  the  other 
(the  predicate  NEXTF),  what  to  do  if  ?  subgoal  fails  (OR).  If  neither  NEXT  nor  NEXTF  is 
given,  the  goal  that  evoked  the  subgoal  succeeds.  There  is  a  small  executive  (5  Ps)  that 
processes  success  and  failure  signals  according  to  these  conventions.  The  primitive 
operators  in  the  system  are  not  treated  within  these  goal  conventions  because  their 
operation  is  immediate,  so  that  sequencing  can  be  done  with  ad  hoc  evoking-process- 
specific  signals.  The  same  executive-avoiding  mechanics  are  used  for  steps  within  goals 
that  don’t  cause  difficulties  otherwise. 

The  justification  for  including  the  executive  and  goal-sequencing  conventions  Is  that 


D.3 


VI-34 


MiliPS/WBtox 


Overview  of  WBlox 


0l3 


1  PlCKUP(obj«ct) 

1  GRASP(eb)«c(> 

1  GETRIOOF(abi«c(  in  hand)(if  tuck  •>)«(•] 

1  FlNOSPACEton  (•bl*)(ckeio»p«mt  ■  which  location  on  tiblo] 

OR 

1  FINOSPACEton  bleck)(<hoicapoint  >  block  ond  location] 

2  PUT(obiocl,locotionl 

1  GRASP(abioct)(obava| 

2  MOVEHANOdoeolieiv  offoat  by  aica  of  obioct)(primitiva] 

3  UNCRASP(pririMtivol 

2  CLEAROFF(objocO 

1  CETRIOOF(ioloetad  obioct  on  top  of  obiacl>{cbovo) 

2  ClEAROFF(abioci)(ilaratok* 

3  oisort  CLEARTOP(prtmitiwo) 

3  MOVEHANDdo  contor  of  top  of  obiact>{primilivo] 

4  oooorl  GRASPINGfprimiliwo) 

2  RAISEHANOO 

1  MOVEHANDdo  location  at  inoMiawNi  hoifht  abovo  praaant  localiont(prifntiva] 

2  PUrOOWNfobjocI) 

1  GETRIDOF(objacl)[  above] 

3  PUTONtobjocI  1  or  aal  of  obioeta,obioci2) 

1  Pl/TONKofajocIl  or  aalaelod  obioct  from  ool,ob)oct2) 

1  CLEAROFF(objoctl)(abovo) 

2  FlNDSPACE(for  objoctl  on  objact2>tprimitivai  eheieapoini  •  localion] 

OR 

2  MAKESPACEtfor  objoctl  on  ebjact2>(onty  if  PlfTON  io  for  ono  objact) 

1  GETRIOOFCaaloetad  objact  on  objaet2> 

2  FlNOSPACEtfor  objoctl  on  objoct2) 

OR 

2  ropoot  MAKESPACE(for  objoctl  on  ebjott2)(abovo} 

3  PLfKebjaetl, location  foundifabovo) 

2  PUTONtramaindor  of  aot,objoct2)(itorataa] 

OR  (after  all  choioapoinlo  within  PUTONl  havo  boon  triad] 

1  aEAROFF(objoct2)(nbave] 

2  PACKCaot  of  obiocta,object2)[aat  oxcludoa  all  objocia  on  objocl2  bafero] 

1  LOCATESPACECfor  aolactad  object  •  obmctl,  on  abjoct2)(priaativo,  choicapeint  •  location] 

2  PUTtobjoctl  at  location  found){abova] 

3  PUTONl  (another  aolactad  object  on  objact  l)|abovo;  only  if  fit  ia  poaafele] 

4  PACK(ramalndar  of  Bot,ob)cct2)(itaralaa] 

4  PUTIN<objectl  or  aot  of  objocto4>OM>(coiiioa  from  MiliPS  aa  PUTON,  atop  1  hare] 

I  PUTON(objacll  or  Bal,baM)[abovo;  only  firat  1-2  aoqwonoav  withoat  MAKESPACE] 

OR 

1  CLEAROFF(bai<)[abovai  but  firat  odd  whal'a  already  in  ben  to  oat) 

2  PACK(avoryfhin{  now  in  aa(,bon>(abDvo] 

B  STACKUP(aat  of  objoda) 

1  PUTON Kaoloclad  objact, table  or  currant  top  of  atack  bain|  budt) 

2  STACKUP(ilorafoa] 


Figure  D.l  The  components  of  the  WBlox  goal-subgoal  system 


in  all  but  the  simplest  problem  situations  goals  of  the  same  type  are  evoKed  recursively, 
though  there  are  intervening  levels  of  goat  structure  between  the  recursive  calls.  That  is, 
goats  do  not  directly  evoKe  themselves  as  subgoals,  but  most  situations  give  rise  to 
recursive  nesting  in  some  way.  If  in  these  nesting  situations,  a  particular  goal  process 
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rellod  on  ad  hoc  signals  for  sequencing,  there  would  be  more  than  one  instance  of  some 
signals,  causing  confusion  between  the  two  processes.  Thus,  goal  status  for  separate 
invocations  of  the  same  goal  are  distinguished  with  an  extra  argument  that  names  the  goal. 
Also,  the  NEXT  and  NEXTF  sequencing  predicates  contain  within  them  inactive  versions  of 
signals  that  are  to  be  asserted,  so  those  signals  are  effectively  hidden  and  cant  interact 
with  information  from  active  goals.  If  the  Psnist  interpreter  distinguished  between 
matches  to  a  P  on  the  basis  of  recency  of  data  being  used  in  a  match,  and  fired  the  P  only 
using  the  most  recent  data  (saving  others  until  they  eventually  become  the  most  recent), 
then  the  goal  executive  mechanism  would  not  be  necessary.  (This  architectural  variation 
has  been  seriously  considered  as  an  interesting  PS  alternative.)  But  Psnist,  given  a  P  with 
any  match  at  all  that  it  has  come  to  consider  for  recency  reasons,  fires  all  the 
instantiations  it  can  find,  old  and  new  alike.  The  recursively-nested  structure  of  Planner 
control  isolates  separate  goal  contexts  effectively,  although  it  hides  them  much  more 
opaquely  (making  access  to  other  contexts  impossible)  than  is  the  case  in  the  present  PS 
implementation. 

It  is  fruitful  to  briefly  compare  the  present  solution  of  goal-subgoal  management  to 
that  found  in  the  more  general  situation,  namely  in  GPS  (the  C^neral  Problem  Solver,  a 
version  of  which  is  described  in  Chapter  IV  of  this  thesis).  The  present  system  is  very 
specialized,  with  Ps  that  recognize  specific  differences,  obstacles  to  success  with  a  goal, 
and  that  construct  and  evoke  specific  appropriate  subgoals  to  treat  those  differences. 
Thus  a  single  P  firing  combines  the  workings  of  the  GPS  match  and  the  table  of 
connections,  between  differences  found  and  operators  that  might  reduce  them.  In  alt 
cases,  a  difference  has  a  unique  operator  that  is  effective.  Differences  are  local  features 
of  the  scene,  so  that  there  is  no  need  for  GPS's  general  match,  which  would  want  to  work 
on  two  different  versions  of  the  scene  (actual  and  desired).  The  closest  analogue  in  GPS 
would  be  the  performance  of  matches  to  a  described,  abstract  object,  which  contains  only 
a  few  features  of  the  scene  that  are  relevant  to  the  main  goal.  But  with  the  present  high 
degree  of  specialization  goes  a  loss  of  flexibility  in  applying  operators  and  in  using 
methods.  The  operators  are  very  specific,  and  are  encoded  to  include  their  own  fixed 
subgoal  sequencing.  The  lack  of  general  treatment  of  goals  and  methods  means  that  the 
executive  doesn’t  evaluate  progress  and  shift  problem-solving  efforts  accordingly.  There 
is  also  no  provision  for  recognizing  infinite  loops  of  goals.  Certainly,  looping  in  blocks 
problems  is  possible  in  general,  but  it  may  be  that  the  present  restricted  operator 
structure  can  not  give  rise  to  loops,  although  it  would  if  it  persisted  in  a  reasonable  way 
in  trying  to  attairr  a  goal.* 

One  detail  in  the  dynamic  behavior  of  the  system  that  is  hinted  at  in  Figure  0.1  by 
the  comment  "choicepoint"  is  the  manaeement  of  alternative  selections  within  operators. 
Winograd's  original  implementation  made  use  of  Planner  language  primitives  to  ensure  that 
all  such  alternatives  would  eventually  be  explored,  according  to  a  strictly  depth-first 
search  organization.  That  is,  whenever  at  certain  goal  points  alternatives  existed, 
information  as  to  the  nature  of  those  alternatives  was  recorded,  and  if  some  failure 
occurred  at  some  later  time,  the  system  would  back  up,  undoing  all  effects  in  between  the 


•  Example:  if  an  object.  A,  is  to  be  put  on  object  B,  but  has  object  C  on  top  of  it  (i.e.,  C  Is 
on  A),  and  if  the  only  available  space  to  put  C  to  GETRIDOF  it  is  on  the  targeted  space  for 
A  on  B,  and  if  the  only  available  space  to  put  C  is  back  on  A  when  the  program  attempts 
to  MAKESPACE  on  B  to  put  A,  then  there  is  potential  infinite  oscillation. 
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failure  and  the  most  recent  goal  with  alternatives,  and  would  choose  another  alternative  on 
which  to  base  forward  action.  PSs  have  no  such  mechanism  built  into  the  architecture,  so 
it  has  been  neccessary  to  adopt  conventions  for  setting  up  necessary  information  so  that 
alternatives  can  be  explored  in  a  similar  way,  and  to  code  those  explicitly  wherever 
necessary.  On  analysis  of  the  structure  of  the  task,  it  was  decided  to  designate  only  a 
very  few  locations  in  the  search  as  such  choicepoints.  The  reason  why  this  required 
analysis  is  that  the  Planner  code  for  the  blocks  problem  solver  makes  very  frequent  use  of 
the  particular  primitive  that  achieves  this  mechanism  (THGOAL),  but  only  a  few  uses  of  it 
are  actually  necessary  to  ensure  proper  backtracking,  the  others  being  used  to  provide 
other  functions  of  THGOAL.  Section  0.7  will  go  into  more  detail  on  how  the  final  search 
behavior  differs. 

The  primary  function  of  choicepoints  in  WBlox  is  to  record  the  current  state  of  goats 
with  alternatives,  and  to  record  which  alternatives  have  already  been  tried.  The  only 
choicepoints  in  WBlox  involve  locations  where  objects  are  placed.  If  there  seem  to  be 
other  meaningful  alternatives  in  terms  of  the  task,  they  have  here  been  reduced  to 
location  choicepoints.  Further,  the  only  part  of  the  system’s  actions  that  is  recorded  so 
that  it  can  be  undone  in  the  act  of  backtracking,  is  the  sequence  of  primitive  actions 
performed,  along  with,  for  some  goals  involving  a  set  of  objects  to  be  iterated  through,  a 
record  of  the  state  of  the  iteration  (i.e.,  which  things  in  the  set  have  been  tried).  All  other 
goal  information,  for  instance  the  goai-subgoal  structure  and  what  has  succeeded  or  failed, 
is  irrelevant  to  the  backtracking  and  is  simply  disregarded  in  backtracking.  That  is,  for  the 
most  part  when  the  system  backtracks,  it  simply  reverses  the  sequence  of  hand  motions 
and  grasping  and  ungrasping  actions  that  it  has  done  since  the  most  recent  choicepoint. 
Whenever  one  of  the  primitives  is  performed,  it  records  an  event  time,  an  integer  that  is 
incremented  each  time  such  an  event  occurs,  and  when  a  choicepoint  occurs,  the  current 
event  time  is  associated  with  it  so  that  the  backtracking  can  reverse  the  right  actions. 
Each  primitive  action  is  also  responsible  for  asserting  an  element  that  says  what  its 
opposite  is,  so  that  the  action  can  be  undone.  The  action  reversal  goes  through  the  same 
mechanism  that  is  used  in  the  forward  direction,  e.g.  the  MOVEHAND  primitive  is  evoked,  so 
that  all  the  proper  bookkeeping  is  done  automatically  (invisible  to  the  backup  controller). 

Further  details  on  the  implementation  of  choicepoints  will  be  given  in  Section  E. 
Even  though  choicepoints  have  been  fairly  easy  to  implement,  reducing  backtracking  to 
manageable  proportions,  the  strict  depth-first  variety  of  backtracking  used  here  and  in  the 
original  program  is  not  considered  the  best  way  to  proceed,  either  in  this  task  or  in 
general.  The  particular  position  that  the  PS  philosophy  implies  on  this  issue  is  discussed 
further  in  Section  0.4. 


0.4.  Production  system  issues 

The  next  three  subsections  consider  the  issues  that  arose  in  WBlox  with  respect  to 
PSs,  with  respect  to  the  language  used  to  converse  about  blocks,  and  with  respect  to  the 
problem-solving  operators.  Included  in  the  first  is  a  discussion  of  the  suitability  of 
backtracking  as  a  method  within  a  PS  implementation,  and  what  an  alternative  problem¬ 
solving  structure  might  look  like.  Also  included  are  features  of  control  and  organization, 
and  a  discussion  of  some  time  and  space  efficiency  characteristics  of  the  system.  Then 
(Section  0.5)  we  go  on  to  consider  in  detail  the  extensions  that  would  be  necessary  to 
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bring  tho  system  up  to  the  level  of  competence  of  Winograd’s  system  the  natural 
language  side.  Finally  (Section  0.6),  there  is  a  discussion  of  some  details  of  the  blocks 
problem-solver,  independent  of  the  implementation  as  a  PS,  which  suggest  difficulties  and 
possible  significant  improvements  in  its  abilities. 

The  most  important  issue  with  respect  to  PSs  is  the  suitability  Qf  thfi.  backtracking 
method  inherited  from  the  Planner  version  of  the  problem-solver.  Backtracking  implies 
that  there  is  provision  to  ultimately  try  all  possible  variations  in  sequences  of  problem 
operators  in  attempting  to  solve  a  problem,  if  that  should  be  necessary.  These  alternative 
sequences  are  tried  in  depth-first  order,  and  in  Planner  there  is  little  program  control 
over  which  alternatives  at  any  point  are  tried  first.  In  the  toy  blocks  domain,  this  has 
proved  to  be  no  strain  on  the  control  capabilities  of  PSs,  although  analysis  has  simplified 
somewhat  the  amount  of  backtracking  that  is  really  necessary,  and,  further,  certain 
features  of  PSs  as  a  language,  to  be  discussed  in  Section  D.7,  remove  some  of  the 
control  needs  that  backtracking  is  used  for  in  Planner  programs. 

Nevertheless,  for  this  domain  it  seems  feasible  to  adopt  a  strategy  that  requires  no 
backtracking  or  backup  of  any  kind.  Such  a  system  would  always  work  forward  from  its 
present  situation,  adjusting  to  problematic  situations  by  applying  problem-solving  methods 
that  attack  those  problems  directly,  after  analyzing  to  find  the  real  causes  of  the 
problems.  For  instance,  instead  of  doing  backtracking  within  GETRIDOF,  which  searches 
among  alternative  locations  for  putting  an  object  in  an  out-of-the-way  place,  problem 
operators  could  be  applied  to  do  direct  blocks  rearrangements  to  alleviate  shortages  of 
available  space.  In  such  a  scheme,  the  history  of  the  choices  made  in  attempting  to  solve 
a  problem  becomes  global,  and  is  no  longer  associated  with  particular  choicepoints  in  the 
goal  structure.  For  instance,  all  operations  that  have  been  performed  on  an  object,  and  in 
particular  where  it  has  been  placed,  would  be  available  for  examination  by  GETRIDOF  In 
the  process  of  finding  somewhere  else  to  put  it.  Such  a  strategy  might  produce  plans  for 
actions  that  are  non-optimal  in  the  sense  that  the  same  object  is  handled  several  times, 
each  shifting  it  to  a  new  location,  but  it  is  judged  easier  to  analyze  such  plans  after  the 
main  goal  has  been  achieved,  to  smooth  out  such  (rare)  rough  edges.  I  don't  know  of  any 
real  exploration  of  the  consequences  of  such  a  strategy,  although  the  approach  is  similar 
to  the  Kind  of  Information-gatnering  discussed  by  Newell  and  Simon  (1972,  chapter  12)  in 
connection  with  human  problem-solving  behavior  in  playing  chess.  Such  a  scheme  is  not 
foreign  to  the  constructs  included  in  the  Conniver  programming  language  (Sussman  and 
McDermott,  1973).  A  primary  component  of  such  a  strategy  is  a  fuller  system  for 
analyzing  and  describing  what  is  problematic  about  a  situation,  and  for  linking  such  a 
description  with  available  methods. 

Further  analysis  of  how  things  are  tried  in  the  present  backtracking  structure  could 
improve  WBIox’s  problem-solving  ability,  or  at  least  efficiency,  and  perhaps  eliminate  or 
minimize  the  amount  of  backtracking  necessary.  WBlox  includes  all  of  the  selection  that 
was  used  by  Winograd  to  improve  the  search  behavior,  with  perhaps  minor  improvements 
in  a  few  places  (to  be  discussed  in  Section  E).  For  example,  it  orders  sets  of  objects  so 
that  the  largest  object  considered  first,  in  piecing  them  somewhere.  But  further 
orderings  could  improve  the  process  even  more,  for  instance,  allowing  GETRIDOF  to  always 
make  best  use  of  available  space  by  using  the  smalliyt  space  large  enough  to 
accommodate  an  object.  More  details  on  where  this  is  possible  will  be  given  in  Section 
0.6.  PSs  are  advantageous  in  this  kind  of  improvement  due  to  the  power  of  selection 
inherent  in  LHSs  of  Ps.  / 
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Th«  prMvnt  lmp>»m>nt«tlon  si  chcicBPOints  (see  Section  D.3)  illustretes  how  PSe 
might  be  epplied  to  problem-solving  situations  in  which  backtracking  is  necessary,  either 
because  not  enough  analysis  has  been  done  to  allow  more  intelligence  to  be  built  into  the 
problem  solver  as  discussed  above,  or  because  genuine  choices  do  exist.  In  such  a 
generel  case,  the  PS  architecture  allows  several  variations  on  the  scheme,  according  to 
task  demands.  One  is  to  use  P  Memory  instead  of  Working  Memory  to  record  the 
choicepoints,  to  save  Working  Memory  space  (and  matching  overhead)  and  perhaps  to 
avoid  interference  between  similar  information  at  different  choicepoints.  In  recording 
choicepoints,  there  is  always  a  choice  between  storing  what  has  been  tried  end  what 
remains  to  be  tried,  which  in  WBiox  was  resolved  in  favor  of  storing  what  has  been  tried. 
When  the  task  requires  much  more  of  the  choicepoint  mechanism,  namely  keeping  track  of 
entire  memory  contexts  to  return  to,  as  in  Conniver  (Sussman  and  McDermott,  1973),  PSs 
offer  at  least  two  alternatives  also.  Presumably,  it  is  not  best  in  such  cases  to  use 
Working  Stomory  to  store  the  alternative  data  contexts.  Ps  can  be  used  to  store  entire 
states  as  RHSs  or  sets  of  RHSs,  to  be  made  current  by  the  proper  evocation  into  Working 
Memory.  Ps  can  also  be  used  to  store  update  information,  so  that  going  from  one  state  to 
another  previosly-stored  one  is  done  by  a  sequence  of  P  firings,  each  making  incremental 
updates  to  the  current  Working  Memory  state.  For  both  of  these,  some  method  of  storing 
path  information,  or  other  evocation  cues,  must  be  adopted,  so  that  states  can  be 
accessed.  For  this,  in  principle,  either  Ps  or  Working  Memory  could  be  used. 

The  overall  control  organization  of  components  of  WBlox  is  as  a  hierarchy,  along  the 
lines  given  in  Figure  0.1.  The  processing  is  directed  by  explicit  goals  in  Working  Memory, 
and  Intra-goal  sequencing  is  done  by  specific  ad  hoc  control  signals.  In  terms  of  modules 
of  Ps,  which  conceptually  means  Ps  that  share  common  knowledge  assumptions,  the  entire 
system  is  divided  roughly  according  to  the  first  letter  of  Ps*  names,  but  in  the  WBlox  part, 
modules  are  larger  than  is  warranted  by  conceptual  organization:  all  of  the  higher-level 
goal  parts  are  in  the  W  module,  and  the  primitive  operators  are  in  the  Q  module.  But  given 
that,  it  is  still  the  case  that  generally,  the  action  of  a  module  consists  of  firing  very  few  Ps 
(one,  two,  or  three,  usually),  which  perform  some  actions  and  pass  control  to  another 
module’s  Ps.  This  is  true  of  most  of  the  modules  in  the  MiliPS  part,  and  is  at  least  partially 
true  In  the  WBlox  part.  In  WBlox,  on  the  average,  one  W  P  fires,  then  about  three  Q  Ps 
fire,  then  control  goes  back  to  a  W  P.  This  is  based  on  figures  given  in  the  control  flow 
summary  trace  in  Appendix  H,  after  the  first  program  trace  segment.  This  supports  the 
claim  that  PSs  lend  themselves  easily  to  a  modular  organization  of  knowledge,  and  are  the 
right  level  of  conciseness  to  express  incremental  applications  of  such  knowledge  modules. 

PSs  are  used  to  advantage  to  do  a  variety  of  complex  selections  within  single  LHSs. 
Several  processes  order  a  set  of  objects  by  size  by  using  an  LH5  that  performs  a  match 
on  the  set  and  selects  the  largest  for  its  next  action.  Some  of  these  make  the  selection 
under  the  constraint  that  the  object  will  fit  on  top  of  some  other  object.  (Details  on  which 
ones  make  such  selections  will  appear  in  Section  E.)  The  MAKESPACE  process  selects  an 
object  that  is  the  smallest  one  large  enough  to  accommodate  another  object.  FINDSPACE 
uses  single-P  selections  to  find  greatest  lower  bounds  on  a  region  along  X  and  Y 
dimensions,  and  to  find  least  upper  bounds  on  the  two  dimensions.  That  is,  given  a  point 
In  a  clear  region,  it  selects  the  object  that  forms  the  closest  boundary  of  the  region  in  a 
particular  direction.  It  also  uses  such  selections  to  shift  its  attention  from  a  point  that  is 
obstructed  by  an  object  to  the  nearest  point  on  its  boundary,  which  may  adjoin  on  a  clear 
region  suitable  for  further  examination.  (FINDSPACE  will  also  be  discussed  further  below.) 
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All  of  these  selections  would  be  clesrer  to  express  if  Psnist  had  an  additional  simple  match 
primitive  (see  Chapter  VII).  As  it  is,  the  expression  of  such  selections  is  sometimes 
awkward  and  repetitious.  But  at  a  higher  program-organization  level,  it  might  be  better  to 
have  a  selection  module  or  goal,  rather  that  having  each  problem  operator  do  its  own 
selections.  Having  the  separate  selection  would  be  warranted  if  it  were  to  become  more 
complex,  e.g.,  based  on  history  or  on  considerations  other  than  simple  local  ones  or  on 
interactions  with  other  goals. 

A  variety  of  control  seouencina  devices  are  used  in  WBlox.  Iterations  in  PlfTONl 
STACK,  and  PACK  are  controlled  by  signals  that  record  the  processed  elements  in  the  sets 
that  the  operators  are  working  on.  Simple  match  conditions  exclude  these  tried  elements 
from  being  considered  in  the  selections  involved  in  these  processes,  and  the  signals  are 
noted  in  the  same  way  as  primitive  hand  actions,  so  that  backup  can  take  them  into 
account.  FiNOSPACE  uses  modifiable  defaults  in  computing  boundaries  of  a  region,  which 
means  that  as  a  first  attempt  at  a  boundary  a  default  value  is  used,  and  then  Ps  may  or 
may  not  fire  according  to  conditions,  to  update  those  default  values.  Later  Ps  make  use  of 
the  existing  values  without  then  having  to  bo  concerned  with  where  they  came  from. 
Double  signals  for  controlling  steps  in  a  process  are  used  in  several  places:  in  FINDSPACE, 
in  some  grammar  adjacency  checks,  and  in  checking  the  results  of  the  whole  blocks 
process.  That  is,  a  P  evokes  one  step  of  a  process  and  at  the  same  time  asserts  a  signal 
that  at  the  proper  time  (when  it  pops  out  of  the  examination  stack  fpr  events,  tSMPX) 
evokes  a  P  that  asserts  a  signal  that  starts  the  next  step  of  the  process.  This  device 
avoids  having  the  next  step  evoked  prematurely  from  intermediate  results  from  the 
preceding  step.  A  disadvantage  is  that  the  control  signal  must  be  included  in  the  Ps  of  the 
second  process  that  may  accidentally  suffer  from  premature  firing,  or  usually  all  of  them, 
to  avoid  having  to  know  too  much  in  advance.  In  the  cases  at  hand,  this  is  not  a  serious 
problem,  since  the  second  step  is  one  P  or  a  small  number  of  Ps. 

The  generation  of  the  transitive  closures  of  the  IN  and  ON  relations  takes  adventage 
of  Psnist’s  ability  to  fire  a  P  on  several  sets  of  data  “simultaneously”.  In  this  case,  a  set  of 
Ps  amounts  to  a  breadth-first  assertion  of  the  indirect  relations  in  the  scene,  since  at  each 
iteration  of  the  set,  all  the  existing  indirect  relations  are  extended  by  another  link  in  the 
chain  or  network.  This  process  simply  continues  until  no  more  new  relations  are  asserted, 
at  which  point  control  falls  back  to  another  signal  and  processing  continues  (see  the  BIO 
Ps). 


Bookkeeping  after  hand  moves  is  done  under  the  control  of  specific  signals.  When 
the  hand  moves  holding  an  object,  relations  that  the  object  had  are  no  longer  correct,  and 
new  relations  may  now  hold,  so  that  checking  is  done  in  two  distinct  steps.  Without 
specific  control  of  these  t'vo  steps,  for  irtstsnee,  newly  added  relations  would  bo  deleted 
by  the  step  that  deletes  the  existing  relations  in  preparation  for  any  new  ones.  Tlie 
program  actually  started  out  without  specific  controls,  and  was  found  defective. 

As  was  the  case  for  MiliPS  alone,  everything  in  the  Working  Memory  is  deleted 
between  input  sentences,  except  for  instances  of  special  (by  convention)  database 
predicates.  This  removes  the  need  for  more  careful  updating  and  erasing  of  unnecessary 
elements,  preventing  interference  between  sentences  (which  wouldn’t  necessarily  occur)^ 
but  is  unsatisfactory  in  being  rather  arbitrary.  More  reasonable  schemes  such  as  having 
elements  automatically  deleted  after  being  unused  for  some  number  of  recognition  cycles 
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•ro  roeommondod  by  this  at  woH  at  othar  PSa  iinplamantad  to  far,  but  cannot  bo  oxplorod 
in  practice  within  the  pretent  tcope.  Another  ad  hoc  mechanitm  in  WBlox  it  the  P$Macro 
MAKEINSTL  (see  P  WO),  which  converts  the  value  bound  to  a  variable  in  en  LHS  match  to 
bo  an  assertion  at  the  top  level  in  the  RHS.  This  circumvents  a  deficiency  in  the  Penitt 
language  (not  allowing  variables  in  predicate  position,  and  not  allowing  matching  of  nested 
structures),  but  it  justified  in  two  ways:  It  it  used  sparingly,  and  it  it  very  convenient  in 
converting  data  that  would  otherwise  require  a  set  of  specific  Pt,  one  for  each  typo  of 
conversion  done,  according  to  the  particular  predicate  in  the  assertioa 

Over  the  24  tasks  given  to  W3!ox,  run  timet  range  from  about  two  minutes  up  to 
about  40,  with  all  but  one  actually  under  about  10  minutes,  and  with  the  average  at  4.S 
minutes.  (There  is  good  reason  to  believe  that  the  40  minute  figure  may  be  inflated  by 
computer  system  characteristics  at  the  particular  time  the  run  was  made,  by  as  much  as  a 
factor  of  2,  based  on  average  run  time  per  P  firing,  which  is  ordinarily  about  1  second,  but 
in  that  case  close  to  2.)  The  PS  uses  a  total  of  about  48K  words  of  Lisp  cells,  and  one  of 
the  longer  tests  (19)  uses  about  5.5K  for  its  dynamic  Working  Memory,  of  which  about  2K 
is  taken  up  by  the  residual  database  portion.  Of  the  48K  in  program,  27K  is  for  the  MiliPS 
part,  21  for  WBlox.  The  full  PS  has  408  Ps,  including  3  test  Ps,  of  which  278  are  in  MiliPS 
and  130,  in  WBlox.  Since  the  old  version  of  MiliPS  has  193  Ps,  including  5  test  Ps,  85  Ps 
were  added  to  bring  MiliPS  up  to  handling  the  richer  input  language.  Test  19  has  a 
Working  Memory  of  slightly  over  400  instances,  of  which  the  database  is  about  100  items. 
In  that  test,  even  though  the  total  number  of  items  is  large,  no  single  predicate  has  a  large 
number  of  instances,  the  most  heavily  loaded  (with  about  40)  being  UNEVENT  and  NEXT, 
which  are  concerned  with  backup  information  and  goal  sequencing,  respectively,  and  which 
could  easily  be  stored  as  Ps  if  it  were  necessary  to  reduce  the  size  of  Working  Memory. 


D.5.  Extending  the  language  system 

There  are  a  number  of  specific  features  that  could  be  added  to  the  present  system, 
if  It  were  desirable  to  bring  it  to  the  level  of  competence  of  Winograd's  original  system. 
In  fact,  many  of  the  features  discussed  here  go  beyond  the  original,  but  seem  to  be  within 
reach  of  the  PS.  MiliPS  is  much  weaker  than  the  original  in  its  ability  to  generate 
interesting  replies.  MiliPS  has  no  capabilities  to  answer  "why"  questions,  which  involve 
Knowledge  of  the  problem-solving  history  that  has  preceded  the  question.  Some  related 
aspects  are  being  able  to  use  past  tenses,  being  able  to  deal  with  queries  about  actions, 
and  being  able  to  use  relative  time  descriptions  such  as  "the  first  thing  you  touched  after 
stacking  up  the  red  blocks”.  MiliPS  doesn’t  know  certain  verb  forms  that  bear  on  relations 
that  it  has,  e.g.,  "what  does  the  box  contain”.  It  also  needs  to  be  able  to  understand  some 
variants  on  relational  phrases,  for  example,  "the  block  that  the  pyramid  is  on",  and  to  be 
able  to  deal  with  the  converse  of  being  "in"  or  "on”,  namely  the  support  and  containment 
concepts.  MiliPS  has  very  little  in  the  way  of  treatment  of  pronouns  or  references  that 
depend  on  the  history  of  the  conversation.  MiliPS  doesn’t  handle  "and"  in  a  general  way, 
restricting  its  use  to  conjoining  subjects  of  commands.  The  present  language  can’t  deal 
with  certain  aspects  of  the  internal  representation:  sizes,  locations,  and  stacks. 

MiliPS  lacks  an  ability  to  handle  numbers,  as  in  "stack  up  three  blocks"  or 
"supported  by  three  boxes",  and  it  can’t  answer  "how  many"  queries.  This  involves  being 
able  to  recognize  plural  forms  of  nouns,  to  enforce  agreement  between  nouns  and  verbs. 
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•nd  to  rocognizo  more  geiwral  uses  of  conjunction,  which  at  present  is  limited  to  the  main 
rtouns  of  the  input.  MiliPS  would  have  to  be  extended  to  handle  negation,  which  in 
particular  involves  some  extra  Ps  in  the  referent-determination  process,  that  would 
restrict  the  set  of  possible  referents  in  an  opposite  fashion  to  the  present  poeitivo 
restrictions.  This  suggestion  assumes  that  it  is  more  reasonable  and  general  to  assume 
that  all  database  attributes  and  raiations  have  a  positive  sign,  as  was  assumed  here,  rather 
then  allowing  both  signs  as  in  the  original  MiliPS.  If  general  propositional  logic  is 
expressible  in  natural  language,  to  process  it  in  the  present  framework  would  require 
manipulation  of  sets  of  possibilities  and  their  complements,  and  possibly  saving  partial 
results  for  use  in  restoring  previous  interpretations  on  the  basis  of  new  input.  For 
example,  in  "on  the  block  or  to  the  right  of  the  block”,  the  first  candidate  relation  might 
make  the  set  of  possibilities  empty,  so  that  the  second  alternative  would  have  to  be  tried 
with  the  set  that  existed  before  the  first  phrase  was  seen. 

MiliPS  is  less  interactive  than  SHROLU,  specifically  lacking  the  ability  to  lay  out 
choices  in  an  ambiguity  situation  and  allow  the  user  to  specify  in  a  simple  way  which  one 
was  intended.  It  can’t  augment  its  language  ability  as  could  SHROLU.  SHROLU  was  able  to 
attach  proper  names,  e.g.  Superblock,  to  objects,  and  it  could  converse  about  a  previously- 
unseen  corKept  like  "ownership"  or  a  new  structure  of  blocks  like  "steeple". 

MiliPS  lacks  an  ability  in  many  cases  to  rule  out  interpretations  purely  on  the  basis 
of  semantics,  as  opposed  to  pragmatics,  as  was  used  in  the  original  blocks  system  to  rule 
out  having  the  table  try  to  pick  up  blocks,  for  instance.  An  exhaustive  examination  of  the 
possibilities  of  occurrences  of  various  kinds  of  relations  in  commands,  namely  whether  e 
particular  phrase  is  used  as  a  restriction  of  possible  ambiguity,  as  a  redundancy,  or  as  an 
inconsistency  to  be  applied  elsewhere,  leads  to  some  cases  that  weren’t  judged  to  be 
common  enough  to  warrant  attention  in  MiliPS,  but  that  might  be  desired  in  a  fuller  system. 
One  case  contains  phrases  that  are  ail  inconsistent  with  the  main  noun,  but  that  are  at 
varying  levels  of  specificity  with  respect  to  being  turned  into  the  command  relations  to  be 
fulfilled  by  the  system.  For  instance,  In  "put  the  pyramid  in  the  box  on  the  red  block", 
suppose  the  scene  contains  no  pyramid  in  the  box,  and  that  there  is  a  red  block  in  the 
box.  In  this  example,  both  relations  are  inconsistent  with  the  main  noun,  and  both  could 
thus  be  commands,  but  the  second  is  more  specific  and  consistent  as  a  command  with  the 
first,  and  should  thus  be  preferred.  A  second  case  involves  a  redundancy  that  might  be 
Incortsistency  with  the  main  noun,  but  is  subsequently  superceded  by  a  real  inconsistency. 
Thus  bindings  of  relations  to  be  command  relations  has  to  be  tentative  in  some  cases,  with 
possible  updating  after  more  of  the  input  is  seen. 

How  feasible  is  it  to  make  these  extensions?  Adding  to  the  grammar  of  the  language 
accepted  is  relatively  easy,  involving  just  adding  grammatical  classes  and  figuring  out  the 
appropriate  adjancies  to  be  checked.  Eventually,  under  pressure  from  complex  languages. 
It  might  be  better  to  systematize  and  generalize  to  the  extent  of  using  some  kind  of  case- 
based  structure  for  grammar  expectations,  analogous  to  the  current  way  that  a  "pick" 
command  expects  to  contain  an  "up"  somewhere.  Also  as  structures  get  more  complex,  the 
variety  of  sentence  types  might  be  systematized  so  that  processing  depends  not  on  those 
types  but  on  classes  of  types  or  on  attributes  of  types,  e.g.,  sentence  types  in  which  an 
Indefinite  determiner  should  be  taken  as  a  choice,  as  in  present  imperatives.  The 
plausibility  of  being  able  to  extend  the  present  system  is  supported  by  the  completeness 
assertions  in  Section  B.1,  and  also  by  the  relatively  clean  system  of  treating  tMngs  as 
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•mbiguitiM,  redundincios,  or  inconsistoncios.  Th«  number  of  Ps  eetimeted  to  be  required 
for  such  en  extension  is  in  the  vicinity  of  200-300. 


0.6.  Biocks  probtew-solvine  issues 

The  present  blocks  operators  closely  parallel  Winograd’s,  but  it  is  useful  to  discuss 
them  with  a  view  toward  extension,  and  for  the  purpose  of  raising  mors  general  problem¬ 
solving  issues.  One  feature  that  was  discovered  in  the  course  of  testing  was  the 
possibility  of  interference  between  goals.  The  particular  instance  of  this  phenomenon 
occurs  in  a  few  situations  where  the  program  finds  space  to  put  an  object,  than  evokes  a 
subgoat  to  grasp  the  object,  and  in  the  process  of  grasping  it,  manages  to  place  another 
object  in  the  target  location.  This  occurs  in  the  problem-solving  connected  with  inputs 
18.0  and  24  (five  times  in  the  latter),  which  will  be  discussed  in  Section  E,  and  it  occurs 
only  within  a  CLEAROFF  operation,  which  has  GETRIOOF  as  a  subgoal,  which  in  turn  evokes 
PUT  which  evokes  GRASP,  which  may  evoke  another  GETRIDOF  to  place  some  object  that  is 
in  the  way  of  the  GRASP  goal.  Apparently  no  other  locations  in  the  goal-subgoal  structure 
have  such  a  combination  where  interference  can  occur.  The  trap  is  that  the  FINDSPACE  is 
done  before  it  is  certain  that  all  other  objects  are  in  a  proper  location  for  the  follow-up 
operation.  This  problem  was  corrected  accidentally  by  the  program  itself  without  specific 
modification,  due  to  the  iterative  structure  of  CLEAROFF:  it  checks  the  existing  situation  on 
the  object  being  cleared  off  each  time  it  iterates,  essentially  double-checking  previous 
attempts,  and  not  assuming  that  those  previous  attempts  were  successfui.  MOVEHAND 
checks  the  target  location  for  clear  space  for  an  object  being  grasped,  and  does  nothing  if 
the  location  is  occupied.  In  the  original  program,  if  such  a  thing  occurred,  the  failure  to 
PUT  the  object  in  the  space  would  have  caused  a  failure,  with  backtracking  to  try  to  do 
something  (blirnlly)  to  correct  the  error.  Even  though  in  the  specific  goal  structure  here 
the  problem  is  not  serious,  it  is  the  case  in  general  that  soma  provision  should  be  made 
for  such  interfering  goals,  at  least  providing  for  some  communication  of  intentions.  In  the 
particular  space  problem  here,  one  solution,  used  by  Sussman  (1973,  Section  4,  pp.  88-90), 
is  to  esablish  "ghost”  objects  that  occupy  space  but  can’t  be  manipuiated  as  ordinary 
objects.  There  is  one  other  approach  in  the  present  case,  a  trivial  change  that  rearranges 
the  sequence  of  operators  so  that  the  FINDSPACE  is  done  after  the  (SRASP  is  finished, 
which  is  the  subject  of  an  experimental  patch  to  the  WBlox  system,  discussed  in  Section 
E.3.  But  the  general  problem  of  goal  interference  deserves  further  attention. 

As  discussed  above,  backtrackine  is  considered  not  the  best  approach,  especially  for 
PSs,  wtiere  it  is  possible  to  add  as  much  guidance  as  desired.  For  the  toy  blocks  domain  in 
particular  there  are  improvements  that  might  eliminate  the  need  for  it  altogether.  A 
couple  of  things  should  be  investigated  as  improvements  along  this  line.  Both 
considerations  deal  with  the  placement  of  objects  in  empty  spKes,  which  process  grows 
os  the  factorial  of  the  number  of  objects  to  be  placed,  under  the  backtracking  strategy 
used  in  the  original  blocks  system.  Several  processes  presently  choose  to  work  first  with 
the  largest  object  in  the  set  of  objects  that  they’re  working  with,  but  the  way  that 
"largest"  is  determined  is  by  taking  the  sum  of  their  length  and  width,  which  is  the  metric 
used  in  the  original.  This  might  be  improved  by  using  area,  by  using  the  larger  dimension, 
or  by  some  measure  dependent  on  context  (for  instance,  when  putting  objects  in  a  space 
narrow  in  width,  width  would  be  a  more  important  considerationX  ChMsing  the  right 
largest  object  is  important  because  such  routines  as  PACK  anume  that  using  the  largest 
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objoct  first  will  gusrantoo  boing  sMo  to  fHt  tho  spaco,  if  sny  srrsngomont  at  ON  aaliaflos 
that  goal. 

Tho  second  consideration  to  eliminate  backtracking  is  probably  more  important, 
namely,  using  available  empty  spaces,  particularly  on  the  table,  more  effectively.  This 
assumes  a  more  global  view  in  FINDSPACE,  which  will  be  discuss^  below.  One  trick  ia  to 
use  a  space  for  an  object  that  is  just  large  enough  to  accommodate  the  object,  but  that 
minimizes  the  extra  space  that  is  wasted  because  the  object  doesn't  fill  it  completely. 
Some  care  must  be  taken  hare  with  shapes  of  spaces,  since  in  the  present  system,  spatial 
orientations  of  blocks  can’t  be  changed  (for  instance,  they  can’t  be  rotated  90  d^rees). 
Care  is  necessary  because  two  spaces  might  be  equivalent  for  one  Object,  but  for  another 
object,  only  one  of  the  spaces  is  right  due  to  its  shape.  Another  consideration  is  that 
before  spaces  are  filled  in  some  processes,  a  better  idea  must  be  obtained  on  what 
objects  in  the  scene  will  ultimately  have  to  be  moved  to  allow  the  main  goal  to  be  attained. 
In  some  cases,  this  requires  a  rather  exhaustive  pre-examination.  For  instance,  in 
STACKUP,  it  may  be  necessary  to  move  only  small  objects  off  of  blocks  that  are  to  go  near 
the  base  of  the  stack,  but  later  it  may  be  necessary  to  get  rid  of  a  larger  object  that  is 
presently  on  top  of  one  of  the  blocks  to  go  near  the  top  of  the  stack.  Along  the  lines  of 
allocating  space  optimally,  there  are  conceivably  a  number  of  heuristics,  applicable  in 
special  situations,  which  could  help  guarantee  a  minimum  of  backtracking,  for  instance, 
taking  account  of  specific  sizes  and  shapes  to  fill  odd  clear  regions.  In  some  cases,  it 
might  be  possible  to  anticipate  the  need  for  PACK,  rather  than  trying  the  ordinary  PUTON 
first,  such  as  when  a  set  of  objects  has  too  much  area  to  fit  on  a  surface  without  it.'  Note 
that  in  the  present  task,  there  are  no  esthetic  considerations,  nor  are  there  practical 
constraints  such  as  putting  tall  blocks  toward  the  rear  of  the  scene  so  that  they’re  less 
likely  to  get  Knocked  over  in  moving  the  arm  around.  These  constraints  might  be  applied 
to  distinguish  apparently  equivalent  locations  under  the  criteria  above. 

Two  things  about  choiceeoints  in  WBlox  deserve  mentioa  First,  they  are  not  exactly 
the  same  as  the  ones  that  are  logically  present  in  the  original  program  (by  my  examination 
of  the  Planner  programs;  it  is  difficult  to  tell  exactly  because  the  TH(30AL  primitive  is  used 
in  many  places  that  aren’t  choicepoints  in  the  sense  used  here).  In  two  places  in  the 
original,  a  set  of  objects  was  processed  using  the  backtracking  mechanism,  rather  than 
sorting  the  set  by  size  as  was  used  in  other  places  in  that  program,  and  which 
corresponds  to  the  selections  used  in  WBlox.  That  is,  an  object  would  picked  at 
random,  say  from  all  those  on  top  of  some  block,  and  if  later  processing  based  on  that 
choice  failed,  backup  would  come  back  and  cause  another  to  be  picked,  and  so  oa  Also, 
for  the  goal  interference  problem  discussed  above,  the  original  would  have  failed  some 
subgoal,  csusing  backtracking,  rather  than  letting  the  iterative  nature  of  an  operator  do 
the  double-checking  as  in  WBlox.  These  differences  will  be  discussed  in  more  detail  in 
Section  D.7.  The  choicepoint  mechanisms  in  WBlox  are  presently  distributed  in  specific 
form  in  several  places,  rather  than  having  a  general  mechanism  used  by  the  various 
operators  that  need  choicepoints.  The  same  approach  is  used  to  record  specific  primitive 
events  (hat  are  backed  up  (undone)  when  a  failure  occurs.  If  there  were  a  common 
process  used  by  all  choicepoints,  perhaps  some  of  the  work  now  done  in  various  places 
that  requires  things  to  be  expressed  with  several  Ps  could  be  expressed  more  concisely, 
particularly  things  that  have  to  do  with  evaluating  whether  to  go  ahead  with  a  particular 
choice  or  whether  to  reject  it,  say,  because  it  duplicates  a  previous  one  or  because  a 
numerical  limit  has  been  exceeded  for  such  attempts. 
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Tho  presont  FINDSPACE  process  returns  the  first  suitable  region  found  eftor  a 
random  selection  from  the  points  on  a  surface  have  been  examined.  At  each  such  random 
l>ointi  a  process  applies  to  try  to  find  the  largest  clear  region  surrounding  the  point. 
Although  details  appear  below  (Section  E.2),  it  suffices  here  to  point  out  that  aueh  a 
random  basis  leads  to  a  program  that  is  hard  to  debug  because  behavior  is  rarely 
reproduced  reliably.  It  is  based  on  the  FINDSPACE  in  the  original  program,  but  in  tho 
course  of  development,  several  minor  improvements  have  been  ma^,  and  some  major 
possibilities  for  further  improvement  are  now  evident.  FINDSPACE  could  function  best  by 
searching  a  grid  of  points  in  the  region,  where  the  grid  need  not  be  any  finer  than  the 
size  of  the  object  that  is  to  be  placed.  For  the  smallest  block  in  the  present  scene,  the 
grid  for  the  table  would  be  100  points,  ranging  down  to  less  than  20  for  a  majority  of  the 
blocks.  Most  of  the  grid  points  would  be  rejected  immediately  due  to  being  located  inside 
an  object  already  on  the  table.  More  would  be  included  in  regions  already  found,  so  that 
the  actual  work  of  examining  the  space  around  a  point  would  probably  be  required  for 
fewer  than  the  maximum  of  10  random  points  that  are  now  examined.  The  process  would 
then  be  guaranteed  to  find  space  if  it  existed,  rather  than  the  present  arbitrary  cutoff 
after  10  points  (which  are  generally  not  in  10  distinct  clear  regions).  The  most  sensible 
strategy  would  be  to  find  the  clear  space  once  (especially  for  the  teble  and  the  box,  which 
usually  have  a  lot  of  space  and  are  used  frequently  as  locations  for  other  objects),  and  to 
keep  the  list  of  regions  globally  available  and  updated  when  objects  are  moved. 
Alternatively,  rather  than  updating,  a  new  invocation  of  FINDSPACE  could  first  check  grid 
points  in  regions  that  existed  at  the  previous  invocation. 


0.7.  Comparison  of  WBlox  to  the  original  Planner  version 

The  two  programs  are  apparently  quite  similar  in  behavior,  although  there  are  a  few 
minor  differences  that  arose  to  keep  mechanisms  within  WBlox  similar  in  design  philosophy. 
There  is  one  major  qualification  to  comparisons  of  this  sort:  detailed  behavior  traces  are 
not  available  for  the  original  program,  especially  on  the  kinds  of  tests  that  are  used  here 
to  verify  that  everything  in  the  program  is  in  good  working  order.  Also  in  at  least  one 
case  the  program  code  was  too  obscure  to  attempt  to  duplicate  its  actions  too  closely,  so 
an  informed  guess  was  made  as  to  its  function. 

One  behavior  difference  has  to  do  with  where  choicepoints  occur  in  the  program.  In 
the  original,  as  mentioned  before,  when  MOVEHAND  failed  because  the  movement  caused 
one  object  to  overlap  the  space  of  another,  a  failure  resulting  in  backtracking  occurred, 
whereas  WBlox  recovers  by  iterating  the  main  goal  that  gave  rise  to  the  MOVEHAND 
command.  (Actually  this  would  apply  to  PUT  in  the  orginal,  which  duplicated  the  overlap 
check  in  MOVEHAND,  but  not  in  WBlox.)  The  failure  in  the  original  could  thus  result  in 
retrying  some  choicepoints  before  getting  back  to  finding  another  place  to  put  the  object. 
The  CLEAROFF  operation  in  WBlox  applies  a  selection  by  size  to  the  objects  on  top  of  an 
object  that  need  to  be  cleared  off,  whereas  the  original  simply  had  a  loop  that  selected  at 
random,  subject  to  backtracking  choices.  Thus  WBlox  has  no  choicepoint  in  CLEAROFF, 
where  the  original  did.  Similarly,  in  MAKESPACE,  WBlox  uses  a  selection  by  size,  where 
the  original  relied  on  backtracking  to  correct  any  stupid  choices. 


The  PUTON  operation  in  the  original  program,  when  working  to  put  a  set  of  objects 
on  another  object,  simply  tried  once  to  put  the  set  on,  in  some  arbitrary  order,  and  on 
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failure  proceeded  to  try  to  PACK  them  oa  WBlox  selects  Items  from  the  set  by  size, 
largest  first,  and  when  PUTONl  fails,  tries  to  find  alternative  locations  if  possible  before 
giving  up  and  using  PACK. 

There  ere  two  differences  in  the  hierarchical  structure  of  the  blocks  operators, 
between  the  two  versions.  GRASP  in  WBlox  does  GETRIDOF,  for  an  object  in  hand,  before 
doing  CLEAROFF  of  the  object  to  be  grasped;  the  two  operations  were  done  in  the 
opposite  order  in  the  original.  (WBlox  follows  Winograd’s  book  here,  which  disagrees  with 
the  available  Ranner  code.  Card,  et  al.,  1972,  which  was  used  to  obtain  details.)  UNGRASP 
In  WBlox  includes  support  checks  that  were  part  of  PUT  in  the  original.  UNGRASP  refuses 
to  let  go  of  an  object  if  it  is  unsupported,  whereas  the  original  would  refuse  to  PUT  it  at 
an  unsupported  place.  It  turns  out  that  UNGRASP  never  fails  anyway,  in  WBlox,  since 
other  operators  are  sufficiently  careful  where  they  try  to  put  things.  As  mentioned  above 
parenthetically,  WBlox  has  no  check  for  object  overlap  in  PUT,  but  only  in  MOVEHANO, 
whereas  the  original  had  it  (redundantly)  in  both  places.  One  minor  difference  between 
the  two  is  that  when  the  original  does  select  objects  from  a  set  according  to  size,  it  sorts 
the  whole  set  once,  and  uses  the  sorted  list  result  thereafter,  where  WBlox  simply  selects 
the  largest  remaining  object  each  time  it  examines  the  set. 

The  basic  strategy  in  programming  the  present  version  was  to  take  advantage  of 
the  selective  power  of  the  PS  rather  than  to  rely  on  a  weak  and  inevitably  stupid  process 
such  as  backtracking  to  arrive  at  an  appropriate  sequence  of  actions.  It  is  probably  true 
that  PSs  are  more  suitable  to  situations  where  specific  knowledge  can  be  applied  to  help 
the  program  make  appropriate  selections,  than  to  situations  where  the  only  available 
method  is  a  weak  exhaustive  search. 

Superficially,  the  two  versions  have  some  similarities.  The  lengths  of  the  listings  of 
the  two  programs  are  almost  identical,  both  around  950  lines,  although  the  PS  listing  looks 
more  densely  packed  onto  the  page.  The  original  program  consisted  of  about  105  Planner 
theorems  and  Lisp  functions,  whereas  WBlox  has  130  Ps.  But  in  the  computer,  WBlox  uses 
21K  words,  where  the  Planner  version  used  8.8K.  One  of  the  larger  scenes  for  WBlox 
used  about  ZK  words,  where  the  original  used  1.3K,  but  for  a  slightly  smaller  scene,  so  the 
two  are  similar  in  scene  storage.  A  major  contrast  is  run  time,  since  the  original  ran  In  5 
to  20  seconds,  as  compared  to  about  60  times  that  for  the  PS.  This  is  distorted  in 
Winograd’s  favor  by  several  problems  given  to  WBlox  that  were  intended  to  cause 
considerable  problem-solving,  perhaps  a  factor  of  5  to  10  times  more  than  any  of  the 
original  ones.  Thus  the  adjusted  efficiency  difference  is  within  the  order-of-magnitude 
improvement  that  is  expected  to  result  from  efforts  to  compile  Ps. 

On  a  statement -by-statement  basis,  the  main  conclusion  reached  by  comparing  the 
contents  of  Planner  theorems  and  Ps  is  that  a  Planner  theorem,  with  several  conditional 
accesses  to  its  database,  and  with  backtracking  ultimately  trying  all  the  possible  paths  of 
execution  through  such  a  procedure,  corresponds  to  several  Ps,  with  each  one 
representing  one  of  the  conditional  steps  in  the  Planner  theorem.  (To  explain  why  the 
numbers  above  are  so  close,  it  needs  to  be  pointed  out  that  there  are  not  many  Planner 
theorems  that  convert  to  several  Ps.)  Figure  D.2  gives  a  direct  contrast  between  the 
two  modes  of  expression.  Alternatively,  if  actual  conditional  cases  are  few,  a  set  of  Ps  can 
represent  all  the  conditions  and  actions  for  all  (he  possible  execution  paths  through  the 
theorem.  For  this  alternative,  some  cases  can  usually  be  logically  excluded,  because  some 
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combinations  of  conditions,  corresponding  to  paths,  are  not  meaningfui.  Also,  some  of  the 
Planner  bacKtr aching  search  is  invisible  at  the  surface  level  in  P  LHSs,  hidden  witNn  th^PS 
match. 


theorem  TC-Cleartop(consequent  Cleartopfir)); 
begin;  local  variable  y; 

if  not  SupporUv,?)  then  assert(Cleartop(x})  also  succeecKtheorem); 

Loop; 

if  goal(Support(x,  «-y))  then  goal(Getridof(y),use(TC-Getridof))  also  go  Loop 

else  assert<Cleartop(x))  also  succeed(theorem); 

end; 

W3:  clearoff(g,x)  &  supports(x,y)  &  not  suDDorts(x.obiect-bieger-than-v) 

&  not  supports(x.obiect-same-as-v-and-lexicallv-greater-than-v) 

->  newgoal(gl)  &  getridof(gl,y)  &  next(gl,'*clearoff(g,x)"); 

W6:  clearoff(g,x}  &  cleartop(x)  ->  succeed(g): 

%  cleartop  is  asserted  automatically  by  MOVEHAND  f. 

Figure  0.2  CLEAROFF  expressed  in  simplified  form  as  a  Planner  theorem  and  as  Ps 


The  Planner  goal  primitive,  THGOAL,  serves  three  functions.  The  first  corresponds 
to  a  condition  within  an  LHS,  i.e.,  an  access  of  Working  Memory,  so  that  a  Planner  user  is 
sometimes  evoking  an  explicit  primitive  where  a  PS  user  need  not  do  so.  Note  that  this 
puts  failures  to  match  the  database  in  Planner  into  the  backtracking  mechanism,  where  in 
PSs  it  is  simply  a  failure  to  match  a  P.  The  latter  seems  to  have  some  advantages  in 
clarity  of  expression,  since  it  ties  condition  elements  together  into  coherent  units  rather 
than  having  an  unbroken  string  of  them.  The  second  function  of  THGOAL  in  Planner 
corresponds  to  evoking  subordinate  problem  operators  by  RHS  actions  in  Ps,  except  that 
Planner  generally  uses  explicit  references  to  appropriate  theorems,  where  the  selection  is 
done  by  recognition  in  PSs  (recognition  of  a  signal  or  a  goal).  This  can  include  iterating 
through  a  variety  of  methods  (which  is  different  from  choicepoints  within  a  method).  The 
third  (unction  corresponds  to  setting  up  choicepoints  in  PSs.  The  PS  expression  of  this  is 
more  complex  than  for  Planner,  but  it  has  much  more  flexibility  and  selectivity.  For  these 
three  functions,  PSs  thus  provide  means  that  are  more  direct,  more  flexible,  and  more 
explicit  with  regard  to  intent.  That  relatively  little  explicit  mechanism  in  PSs  was 
rwcessary  to  duplicate  the  problem-solving  search  built  into  the  Planner  language  indicates 
that  the  Planner  approach  is  not  precisely  suited  to  the  domain  at  hand,  and  even  lends 
itself  to  using  blind  search  where  slight  additional  knowledge  (selectivity  in  making  actions) 
can  be  quite  effective  in  producing  adequate  problem-solving  behavior. 
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This  section  presents  enough  details  to  give  the  reader  a  fuller  picture  of  the  inner 
workings  of  WBlox  and  to  allow  the  reader  to  understand  the  corresponding  complete 
detail  in  the  appendices.  First,  a  segment  of  program  trace  is  explained,  so  that  details  of 
the  program’s  behavior  (Appendix  H)  can  be  followed.  Section  E.2  gives  details  on  each 
of  the  problem  operators.  Section  £3  discusses  the  particular  aspects  of  tasks,  and 
describes  a  peculiarity  of  the  backtracking  mechanism  along  with  an  experiment  that 
modifies  the  behavior  to  be  less  strange.  Section  £4  gives  details  on  WBIox’s 
predicates,  which  are  important  for  reading  the  actual  Ps  in  Appendix  F. 


£1.  An  example  in  more  detail 

Figure  E.1  gives  the  program  trace  for  test  sentence  1.  The  first  six  lines  give  a 
trace  of  the  processing  of  the  input,  similar  to  that  for  the  old  MiliPS  program.  The  main 
thing  to  notice  is  that  there  remains  an  inconsistency  at  the  end  of  that  processing,  and 
that  it  then  becomes  the  intention  of  the  command.  The  top  goal  for  the  problem-solving 
system  is  on  the  “STARTING"  line,  which  says  it  is  to  put  BLOCK- 1  onto  BLOCK-5.  The 
part  of  the  scene  that  is  pertinent  to  this  command  is  that  on  BLOCK-1  there  is  a  small 
pyramid,  PYRAMID- 1,  and  that  BLOCK-5  has  nothing  on  top  of  it.  The  first  action  taken  to 
achieve  the  PLITON  goal  is  to  establish  the  subgoal  G-1,  to  CLEAROFF  BLOCK-1  -  objects 
with  other  things  on  top  of  them  can  never  be  moved,  in  this  model  of  toy  blocks.  The  line 
after  the  G-1  line  is  indented,  to  indicate  that  the  goal  established  there  is  a  subgoal  of 
the  previous  one.  (Soal  G-2  is  to  GETRIDOF  PYRAMlD-1,  which  at  the  start  was  on  top  of 
BLOCK-1. 

The  next  five  lines  give  the  trace  of  FINDSPACE  working.  It  selects  several  points 
at  random  on  the  table,  to  try  to  find  space  to  put  PYRAMID- 1,  finally  settling  on  the 
region  on  the  table  with  lower  left-hand  corner  at  point  (600  0  0)  (using  standard  X-Y-Z 
Cartesian  coordinates)  and  with  upper  right-hand  corner  at  (1200  600  0),  as  indicated  by 
the  line  starting  "FOUND  REGION".  To  go  through  that  more  slowly,  "REJECTING"  indicates 
that  the  given  point  is  within  some  object  already  on  the  table,  so  it  can’t  be  considered, 
but  FINDSPACE  uses  that  point  to  shift  to  the  point  on  the  boundary  of  the  obstructing 
object  that  is  closest  to  the  first,  and  then  looks  for  a  clear  region  at  that  boundary  point, 
as  indicated  by  the  "LOOKING  AT"  line  (when  it  follows  a  "REJECTING"  line).  In  this  case, 
attention  shifts  from  (780  721  0)  to  (780  600  0),  where  the  first  happened  to  be  inside 
the  box,  and  the  second  is  on  its  lower  boundary.  Considering  the  boundary  point  doesn’t 
help,  because  the  clear  region  found  according  to  FINDSPACE’s  limited  capabilities  is  too 
small  to  fit  the  pyramid,  as  noted  by  the  "REGION  AT"  line.  The  next  attempt  with  a  new 
rarxlom  point  on  the  table  is  successful,  finding  the  large  region  with  lower  left-hand 
corrwr  at  (600  0  0).  Using  the  FINDSPACE  result,  GETRIDOF  establishes  a  new  subgoal,  G- 
3,  to  PUT  PYRAMIO-1  at  a  random  point  in  that  clear  space. 

PUT  has  GRASP  as  a  subgoal,  and  GRASP  in  turn  wants  to  CLEAROFF  the  pyramid 
before  it  grasps  it;  the  CLEAROFF  goal  succeeds  immediately,  since  the  pyramid  has 
rwthing  on  top  of  it  (the  program  does  not  make  use  of  the  fact  that  pyramids  never  have 
things  on  them).  The  lirte  starting  with  (0)  is  the  first  primitive  hand  movement,  which 


VI-49 


£1 


LI 


□•tails  on  WBlox 


MHIPS/WBlox 


l  INPUT  TEXT  IS  ■  PUT  THE  SIWLt  PEO  ILQCK  ON  THE  BLUE  BLOCK  • 
OBJ-1  nnBic  S3-1  BLOCK-1  PVNnnio-i  ... 

OBJ-1  RHBIC  R4-1  BLOCK-1  PyRRniO-3  ... 

OBJ-1  REFERS  BLOCK-1 

OBJ-2  NNBIG  B8-1  BLOCK-S  PVRRNlO-2  ... 

OBJ-2  REFERS  BLOCK-S 
RELINCON  OBJ-1  BS-1  ON  BLOCK-S  POS 
STARTING  GT  PUTOR  BLOCK-1  ONTO  BLOCK-S 
60RL  G-l  CLERROFF  BLOCK-l 
.  CURL  C-2  CETRIOOF  PVRRHlO-1 
REJECTING  (788  721  8) 

LOOKING  RT  (788  688  8) 

REGION  RT  (680  668  0)  TOO  SNRLL 
LOOKING  RT  (786  9  0) 

FOUND  REGION  (608  8  6)  TO  (1288  688  8> 

.  .  GORL  C-3  PUT  PYRRI110-1  (988  4S1  8) 

.  .  .  GORL  6-4  CRRSP  PYRRNlO-l 
....  GORL  G-S  CLERROFF  PVRRNlO-1 
G-S  SUCCEEOS 

(0)  nOUINC  HRND  FROH  (8  188  488>  TO  (1S8  158  2e8> 

(1)  GRRSPINC  PYRRNIO-l 
C-4  SUCCEEOS 

(2)  LIFTING  PYRRHlD-l  FRON  (188  188  180)  TO  (988  451  0) 
TAKING  PYRANlO-l  FROH  9TRCK-3 

9TRCK-3  DISHRNTLEO 

(3)  LETTING  CO  OF  PYRRHlO-l 
RODINC  PYRRHlO-l  ON  TRBLE-1  (POS) 

C-3  SUCCEEOS 

6-2  SUCCEEOS 
6-1  SUCCEEOS 

FOUND  REGION  CLERRTOP  BLOCK-S 
GOAL  C-B  PUT  BLOCK-1  (488  640  488) 

.  GOAL  C-7  GRASP  BLOCK-1 
.  .  COAL  C-8  CLERROFF  BLOCK-1 
6-8  SUCCEEOS 

(4)  ROVING  NANO  FROH  (958  581  188)  TO  (ISO  ISO  188) 

(S>  GRRSPINC  BLOCK-l 
6-7  SUCCEEOS 

(6)  LIFTING  BLOCK-l  FRON  (188  188  8)  TO  (488  848  408) 

(7)  LETTING  GO  OF  BLOCK-l 
ROOINC  BLOCK-l  ON  BLOCK-S  (POS) 

NRKING  STACK  STACK-4  BLOCK-l  BLOCK-S 
6-B  SUCCEEOS 

GT  SUCCEEOS 

REPLY  (1  (OKRV)) 


Figure  E.1  Program  trace  for  WBlox  input  sentence  1 


moves  it  from  its  starting  location  to  the  center  of  the  top  of  the  pyramid,  which  point  is 
computed  from  the  location  of  the  pyramid  (100  100  100)  and  its  size,  also  (100  100  100). 
The  next  lir>e,  starting  with  (1)  to  irrdicate  another  primitive  hand  movement,  shows  the 
hand  actually  grasping  the  pyramid.  The  numbering  of  the  hand  movements  reflects  the 
internal  bookKeeping  (the  actual  value  is  called  EVEI^IME)  that  is  being  done  In  case 
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backtracking  is  required;  only  the  hand  movements  and  some  assertions  that  keep  track  of 
what's  been  tried  in  connection  with  commands  that  have  multiple  inputs  (PUTONSET, 
STACKUP,  and  PACK)  are  recorded  in  this  way  and  subsequently  undone  in  case 
backtracking  occurs  (the  latter  do  not  appear  in  the  program  trace,  so  there  will  appear  to 
be  gaps  at  times).  When  backtracking  is  going  on,  the  program  trace  prints  again  those 
hand  movements,  but  reversed  to  show  their  undoing,  with  the  same  numbers  attached. 
That  backtracking  is  occurring  is  thus  evident  by  the  descending  numbers  for  those 
movements.  Only  a  few  of  the  tests  given  to  WBlox  require  backtracking,  as  will  be 
discussed  in  Section  E.3. 

After  the  grasping  movement,  the  GRASP  goal,  G-5,  succeeds,  and  control  returns  to 
the  parent  goal,  the  PUT  goal  G-3.  The  six  lines  in  the  trace  up  to  "G-3  SUCCEEDS"  show 
the  completion  of  the  PUT  operation,  with  a  hand  movement  lifting  the  pyramid  to  the 
target  location,  and  with  a  further  hand  movement  to  let  go  of  it.  The  other  lines  show  the 
bookkeeping  that  is  done  as  a  side  effect  of  the  movements.  First,  when  the  pyramid  is 
moved,  it  is  no  longer  on  BLOCK-1,  so  that  the  stack  composed  of  the  pyramid  and  the 
block,  STACK-3,  is  no  longer  a  stack.  Second,  when  the  pyramid  is  let  go,  the  program 
notes  that  it  is  now  on  the  surface  of  the  table,  and  records  that  fact  internally. 

The  remainder  of  the  trace  shows  little  that  is  new,  as  the  program  proceeds  to  put 
BLOCK- 1  on  top  of  BLOCK-5.  In  this  case  FINDSPACE  doesn’t  need  to  go  through  the 
process  of  looking  at  random  points  because  the  target  block  is  all  clear.  When  BLOCK-1 
is  finally  placed  on  6L0CK-5,  a  new  stack  is  created,  and  both  blocks  are  added  to  the 
stack,  STACK-4.  If  any  other  blocks  are  added  to  an  existing  stack,  i.e.,  are  put  on  top  of 
a  block  in  an  existing  stack,  the  attendant  operation  consists  of  just  noting  the  addition. 
This  trace  has  illustrated  most  of  the  variety  that  the  reader  will  encounter  in  looking  over 
the  program  traces  in  Appendix  K 

Other  features  of  the  material  displayed  in  the  appendices  include  run  statistics, 
production-firing  traces,  displays  of  the  residual  Working  Memory  instances  which  compose 
the  program’s  database,  and  diagrams  of  the  scenes.  All  of  these  except  the  last  should 
be  familiar  from  the  descriptions  given  of  the  old  MiliPS  program.  An  example  of  a 
diagram  of  a  scene  is  given  in  Figure  E.2. 

The  diagram  shows  only  the  horizontal  plane  of  the  scene,  with  the  Y  dimension 
somewhat  compressed.  Scattered  throughout,  at  points  approximately  corresponding  to 
actual  locations  of  lower  left-hand  corners  of  objects,  are  markers  for  the  scene  objects. 
The  object  markers  are  systematic  abbreviations  of  the  objects’  names  and  attributes  as 
follows.  Each  marker  is  lour  characters  long.  The  first  character  is  the  first  letter  of  the 
size  attribute-value  for  the  object,  if  any,  e.g.,  L  for  LARGE,  or  just  the  character  The 

second  character  is  the  first  letter  of  the  color  attribute-value,  e.g.  R  for  RED,  or  if  it 

has  no  color.  The  third  character  is  the  first  letter  of  the  kind  of  object,  e.g.,  B  for  BLOCK. 
The  fourth  character  is  the  number  of  the  object,  i.e.,  the  thing  following  the  in  the 
object’s  name,  e  g.,  5  for  BLOCK-5.  Two  exceptions  to  the  above  rules  are  observed:  "X" 
is  used  for  BOX,  so  as  not  to  conflict  with  BLOCK,  and  no  string  is  given  for  the  table, 
whose  location  is  (0  0  0).  A  full  example  is  "SRP3",  standing  for  "small  red  pyramid, 
PYRAMID-3".  As  to  the  spatial  location  of  these  four-character  markers,  two  things  need 
to  be  explained.  When  two  objects  are  at  the  same  X-Y  plane  location,  but  one  is  above 
the  other  (Z  dimension),  this  is  indicated  by  placing  the  marker  for  the  higher  one  above 
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Figure  E.2  A  display  of  the  scene  after  the  first  command 


the  marker  for  the  lower  one,  in  the  diagram.  But  having  one  marker  above  the  other  can 
also  indicate  that  two  objects  are  adjacent  on  the  same  plane,  so  when  such  ambiguities 
arise,  the  display  of  the  database  must  be  consulted,  in  particular  the  lOCAT  predicate. 
Also,  when  two  objects  are  too  close  together,  i.e.,  would  be  displayed  at  the  same  place ' 
in  the  diagram,  the  second  one  is  shifted  to  the  right  until  the  first  open  space  occurs,  and 
is  placed  there. 

The  system’s  behavior  on  Test  1  is  displayed  in  complete  detail  in  Appendix  I, 
including  details  of  each  P  firing  and  a  display  of  Working  Memory  after  the  sentence  has 
been  processed. 


E.2.  Details  on  components 

This  subsection  will  give  details  on  the  components  of  WBlox  that  do  a  significant 
part  of  the  problem-solving.  The  primary  concern  is  to  present  information  on  the  parts 
of  the  program  that  use  selections  (analogous  to  sorting),  iterations  through  sets,  and 
choicepoints.  For  more  detail,  the  reader  should  consult  the  listing  of  the  actual  Ps, 
Appendix  F,  in  conjunction  with  the  information  given  in  Section  E.4.  Examples  of  where 
most  of  the  capabilities  are  exercised  will  be  discussed  in  Section  E.3. 

CLEAROFF  is  a  simple  iteration  of  the  GETRIOOF  operation.  CLEAROFF  has  two 
components,  one  to  select  the  largest  object  on  top  of  the  object  to  be  cleared  off,  and 
one  to  recognize  success  and  end  the  iteration.  The  selection  of  the  largest  object  is  on 
the  basis  of  the  sum  of  the  length  and  width  of  the  object,  and  ties  are  broken  arbitrarily 
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by  Ming  lexicographic  order  on  the  objectc*  names.  The  selection  results  in  estebllsMng  a 
subgoal  to  GETRIDOF  the  selected  object. 

GETRIOOF  makes  three  attempts  within  the  WBlox  choicepoint  m'echenism  to  find  a 
suitable  location  on  the  teble  at  which  to  place  the  object  to  be  gotten  rid  of,  and  failing 
that,  attempts  to  place  it  on  some  other  object  that  may  have  enough  space.  Whether  a 
location  is  suitable  or  not  depends  on  whether  the  whole  process  backtracks  to  the 
particular  choice  of  location  or  not.  GETRIOOF  uses  FINDSPACE  to  locate  clear  spaces  of 
the  required  size,  and  for  the  table  has  to  allow  the  possibility  that  FINDSPACE  will  return 
a  location  that  has  already  been  tried.  Such  a  duplication  is  counted  as  one  of  the  three 
attempts  because  it  is  possible  that  only  one  suitable  location  on  the  table  exists.  If 
FINDSPACE  fails  to  find  a  region  on  the  table,  three  attempts  are  considered  done,  and 
GETRIDOF  goes  immediately  to  the  consideration  of  other  objects.  GETRIDOF  chooses  the 
non>table  objects  on  which  to  try  to  find  space  arbitrarily  (lexicographically  on  the  name), 
from  the  set  of  objects  (except  boxes  and  pyramids)  that  are  large  enough  to 
accommodate  the  object  to  be  disposed  of.  When  all  the  available  choices  fail  to  survive 
later  actions,  GETRIDOF  causes  a  backup  to  the  previous  choicepoint,  if  any. 

FINDSPACE  is  driven  by  randomly  selected  points  on  the  surface  on  which  it  is  to 
find  space.  The  only  exception  to  that  is  when  the  surface  is  completely  clear.  The 
random  point  is  not  chosen  from  the  entire  surface,  but  from  a  surface  whose  upper  and 
right-hand  boundaries  have  been  trimmed  by  a  fraction  (presently  two  thirds)  of  the  size 
of  the  object  to  be  placed  (clearly  most  points  in  this  edge  space  are  unsuitable  because 
the  object  if  placed  there  would  protrude  over  the  edge  of  the  space,  but  some  part  of 
the  space  must  be  included  so  that  random  points  near  the  edge  are  considered).  In 
ettempting  to  find  space,  ten  random  points  are  tried,  and  then  the  procedure  feils. 
FINDSPACE  works  solely  with  the  length  and  width  dimensions,  due  to  a  restriction  on  the 
task  environment,  namely  that  an  object  on  top  of  another  must  have  its  entire  bottom 
surface  in  contact  with  the  supporting  object.  This  restriction  guarantees  that  the  space 
directly  above  any  clear  region  on  an  object  is  clear.  A  random  point  is  first  examined  to 
determine  whether  it  is  inside  some  object,  and  if  so,  it  is  replaced  by  the  point  that  is 
closest  to  the  random  point  on  the  boundary  of  the  obstructing  object. 

Using  the  given  point,  FINDSPACE  then  establishes  lower  boundaries  on  the  clear 
region  aroung  the  point  by  finding  the  closest  object  in  both  the  X  and  Y  dimensions 
Independently.  This  suffices  for  the  present  task  but  is  not  the  best  imaginable  procedure 
because  the  result  is  a  point  that  may  be  adjacent  to  clear  space  in  one  direction  or  the 
other,  so  that  the  region  found  might  be  expandable  either  way  with  possible  contraction 
in  the  other  dimension.  A  more  exact  procedure  would  take  into  account  interactions 
between  the  X  and  Y  bounds  rather  than  considering  them  independently.  (The  code  for 
doing  this  in  the  original  program  was  rather  obscure,  so  I  tried  to  imitate  the  best  guess 
as  to  what  it  did.)  After  establishing  the  lower  bounds,  the  region  at  the  lower  boundary 
point  is  examined  to  see  if  it  is  big  enough.  This  is  done  by  an  easily-expressed  PS 
pattern  that  tests  whether  any  object  overlaps  the  space  defined  by  the  point  augmented 
by  a  region  of  the  desired  size.  If  a  fit  is  possible,  upper  bounds  for  the  region  are  found 
by  again  testing  X  and  Y  coordinates  independently,  locating  the  closest  objects  in  back  of 
and  to  the  right  of  the  given  random  point.  The  final  augmented  region  is  used  to 
determirte  the  location  returned  by  FINDSPACE,  by  taking  the  lower  left-hand  corner  in  it, 
by  taking  a  random  point  that  wilt  still  allow  the  object  of  the  desired  size  to  be  placed,  or 
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by  computing  tho  point  such  that  the  object  will  be  centered  witNn  the  apace.  Thece 
optiona  are  chosen  according  to  whether  the  space  is  to  be  packed^  is  on  the  table,  or  ia 
otherwise  on  a  block,  respectively. 

PUTON  can  come  from  the  MiliPS  part  of  the  system  as  a  single  assertion  or  as  a  set 
of  similar  assertions.  In  the  former  case,  it  is  immediately  converted  to  a  PUTONl  goal.  In 
the  latter  case,  a  set  is  formed  of  the  objects  to  be  PUTON  and  the  goal  bocomoa  a 
PUTONSET  goal,  to  put  that  set  on  the  target  object.  Before  starting,  PUTONSET  aets  up  a 
choicepoint,  so  that  in  case  there  is  a  failure  to  put  on  the  whole  set  of  objects  (resulting 
in  backtracking  to  the  choicepoint),  an  alternative  strategy  can  be  tried,  to  CLEAROFF  the 
target  object  and  to  then  PACK  the  set  of  objects  onto  it.  PUTONSET  iterates  over  the 
set,  establishing  a  PUTONl  goal  for  each  object  selected  The  selection  is  by  the  size  of 
the  object  and,  within  sets  of  equivalent  objects  by  size,  arbitrarily  by  lexicographic  order 
on  the  name.  Each  object  selected  is  recorded  so  that  future  selections  don’t  use  the 
same  object.  That  record  is  subject  to  backup,  so  that  there  is  also  recorded  something 
allowing  that  record  to  be  undone,  similar  to  the  undoing  of  a  primitive  hand  actioa 
PUTONSET  is  also  used  to  do  the  first  part  of  a  PUTIN  goal,  but  for  PUTIN  the  action  taken 
when  there  is  a  failure  to  put  all  the  objects  on  is  to  add  objects  that  are  already  in  the 
box  to  the  set  of  objects,  to  CLEAROFF  the  box,  and  then  to  PACK  the  set  onto  the  box. 

PUTONl  Includes  no  selections  of  objects  from  sets,  but  does  irtvolve  setting  up  a 
choicepoint,  recording  the  location  of  the  clear  region  found  by  FINDSPACL  When 
backtracking  occurs,  PUTONl  retries  FINDSPACE  to  see  if  there  are  any  alternative 
locations.  It  will  try  up  to  three  times  to  find  locations,  and  then  wilt  fail.  In  case  PUTONl 
falls  and  is  not  a  subgoal  of  the  PUTONSET  procedure,  it  evokes  MAKESPACE,  wMch  tries 
to  remove  objects  from  the  target  object  until  space  can  be  found.  MAKESPA(^  takes  off 
objects  according  to  size,  preferring  the  smallest  object  larger  than  the  desired  space,  but 
if  none  of  those  exists,  removing  the  largest  object  and  iterating  that  removal  until  apace 
does  exist.  PUTONl  has  one  other  variation,  namely,  it  checks  to  be  sure  that  the  target 
object  is  in  fact  larger  than  the  object  to  be  placed,  and  if  it  isn’t,  fails. 

STACKUP,  like  PUTONSET,  takes  a  set  of  objects  (blocks  or  pyramids),  selects  from 
the  set  according  to  size,  records  the  selection  so  that  it  can  be  undone  in  backing  up,  and 
uses  PUTONl  as  a  subgoal.  But  in  addition  to  the  size  criterion,  STACKUP  must  first  use 
blocks,  and  if  any  pyramids  are  to  be  stacked  up,  one  is  selected  to  be  put  on  the  very 
top  of  the  stack.  STACKUP  uses  a  match  pattern  to  decide  where  the  present  top  of  the 
stack  is,  and  always  checks,  when  it  is  making  the  selection  for  the  next  object,  whether 
some  object  that  hasn’t  been  tried  yet  is  already  on  top  of  the  block  at  the  top  of  the 
stack.  If  the  object  that  is  accidentally  in  place  already  is  not  smaller  than  any  of  the 
other  untried  objects,  it  is  left  in  place  and  recorded  as  an  attempt  as  if  it  had  been  moved 
to  that  position.  If  the  PUTONl  operation  fails  for  one  of  the  blocks  in  the  set,  the 
process  goes  on  anyway,  and  that  fact  is  duly  reported  in  the  program's  reply.  Note  that 
this  strategy  does  not  always  lead  to  the  maximal  stack,  since  the  program’s  size  metric  is 
based  on  the  sum  of  length  and  width,  and  since  a  very  "large"  object  may  have  such  a 
strange  shape  (e.g.  very  tong  and  narrow)  that  no  further  objects  can  be  put  on  it.  No 
size  metric  used  by  itself  can  be  suitable  for  building  stacks.  A  more  successful  procedure 
would  have  to  study  the  specific  blocks*  sizes  in  order  to  avoid  this  difficulty. 

PAGC  is  very  much  like  STACKUP  and  PUTONSET  in  its  basic  operation,  except  that  it 


ri 


E.2 


VI-54 


MiliPS/WBlox 


Dttailt  on  WBlox 


L2 


dMsn*t  uto  PUTONl.  It  wants  to  put  a  sat  of  objacts  on  top  of  anothar  objact  in  tha  most 
spaca-aconomical  way  possibla.  It  avoKat  FINDSPACE  and  records  the  rasutts  as 
choieapoints,  as  PUTONl  does,  and  tries  three  locations,  including  duplicates,  before  failing 
back  to  tha  previous  choicepoint.  For  each  block  so  placed,  there  is  an  additional  stop 
that  attampts  to  put  something  from  the  set  on  top  of  that.  This  secondary  stacking  is 
only  one  layer  high,  and  after  somethit^  is  placed  by  that  step,  the  process  returns  to 
putting  things  on  the  original  target  object.  In  making  the  secondary  layer,  pyramids  are 
preferred  to  blocks,  because  blocks  are  more  valuable  in  making  the  primary  layer  since 
they  can  be  put  upon.  Also,  the  selection  for  the  secondary  layer  is  based  on  placing  the 
largest  (by  the  usual  metric)  object  that  will  fit.  If  the  secondary  placement  attempt  fails, 
the  process  continues  with  the  basic  step. 


E.3.  Features  illustrated  bv  the  tasks 

The  tasks  given  to  the  MiliPS/WBlox  system  are  divided  into  sight  segments,  each 
consisting  of  three  or  four  tests,  which  were  so  divided  to  allow  easy  testing  of  the 
program.  The  tests  are  stored  as  RHSs  of  Ps  that  are  evoked  by  user  commands, 
displayed  at  the  end  of  Appendix  F.  Program  behavior  is  given  in  Appendix  K  and  there  is 
a  very  detailed  trace  segment  in  Appendix  L  This  subsection  will  go  through  the  features 
of  each  segment. 

The  first  test  in  the  first  segment  has  been  discussed  at  length  in  Section  E.1.  The 
second  test  is  a  query  that  the  system  answers  by  describing  a  number  of  objects.  Some 
of  the  objects  are  identically  described  by  the  system,  but  the  practice  of  numbering  the 
replies  allows  them  to  be  distinguished  to  some  extent  by  the  user.  The  list  of  objects  in 
the  reply  may  be  surprising  in  that  the  system  uses  comparisons  of  objects’  lower  left- 
hand  corners  to  determine  whether  one  is  to  the  right  of  another,  sometimes  going  against 
standard  usage.  The  third  test  is  a  simple  command  similar  to  the  first  test,  involving  the 
box  instead  of  a  block,  and  using  one  of  the  new  computable  relations  ("to  the  right  of”)  in 
specifying  the  object  to  be  moved. 

The  second  segment  has  four  tests,  4  through  7,  of  a  similar  nature  to  those  in  the 
first.  Test  4  shows  the  system  successfully  handling  a  superficially  ambiguous  sentence. 
Tests  5  and  6  are  straightforward  queries.  Test  7  shows  a  command  involving  a  compound 
construction  for  the  mein  object  of  the  command,  namely  to  put  two  objects  somewhere. 

The  third  segment  also  contains  four  tests,  8  through  11,  three  of  which  ere  queries 
that  divulge  no  important  information.  The  command  Test  9  was  originally  intended  to  try 
to  make  the  box  too  full  to  fit  in  further  objects,  but  it  fails  to  put  the  program  into  any 
unusual  behavior. 

The  fourth  segment  has  three  tests,  12  through  14.  Test  12  commands  the  program 
to  put  four  objects  on  top  of  a  large  block.  Two  of  the  objects  are  specified  by  the 
identical  phrase  "a  small  pyramid",  which  the  program  correctly  interprets  by  making  two 
distinct  choices  of  objerts.  In  the  course  of  carrying  out  the  command,  the  program  is 
forced  to  do  backup  in  the  PUTONSET  procedure,  back  to  the  beginning  of  the  process.  It 
goes  forward  again  using  PACK  this  time,  putting  the  objects  on  in  two  layers,  with  the 
pyramids  not  directly  on  the  target  object.  This  extra  stacking  causes  the  reply  to  seem 
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■«  if  tho  process  wes  only  psrfislly  successful,  when  in  feet  it  was  successful  wItMn  its 
capabilities.  There  is  a  way  to  put  one  of  the  pyramids  directly  on  the  target  object 
instead  of  pacKir>g  it  in  the  second  layer,  since  packing  the  first  one  into  the  second  layer 
means  that  the  remaining  objects  can  all  bs  put  directly  on  the  target,  but  the  program 
fails  to  see  such  subtleties,  and  continues  to  put  alternative  objects  into  the  second  layer. 
Test  13  puts  artother  block  into  the  box,  making  it  even  more  crowded,  and  Test  14  odds 
four  rtew  black  blocks  to  the  scene,  making  table  space  more  scarce.  Note  that  Test  14 
adds  its  objects  without  using  the  language,  since  the  language  doesn’t  have  any 
capabilities  for  describing  all  the  necessary  attributes  of  new  objects,  particularly  size  and 
locatioa 

The  fifth  and  sixth  segments,  Tests  15  through  18.5  (six  tests  altogether)  are  mostly 
coiKerned  with  trying  to  fill  up  the  box  so  that  the  program  has  to  resort  to  clearing  it 
out  and  packing  the  contents  in  more  carefully.  Test  15,  which  isn’t  directly  involved  with 
that  strategy,  puts  a  block  on  a  block  that  is  already  full,  forcing  the  program  to  use 
MAKESPACE  to  be  able  to  fit  it  on.  The  rest  of  the  tests  deal  directly  with  putting  things 
in  the  box.  Test  16  has  an  interesting  form  of  ambiguity,  where  the  program  makes  one 
choice  for  the  referent  of  a  phrase  and  then  has  to  "back  up”  and  take  an  alternative 
choice  when  it  discovers  that  that  is  necessary  in  order  to  have  an  inconsistency  in  the 
sentence  that  can  be  turned  into  a  command.  The  program  doesn’t  really  back  up  though^ 
since  it  duly  records  the  alternative  when  it  makes  the  first  choice,  so  that  it  can  easily  be 
switched  if  necessary:  this  was  discussed  more  fully  in  Section  D.2.  Test  18.0  achieves  the 
goal  of  forcing  the  program  to  clear  off  the  box  and  .pack  things  in  more  carefully.  Tests 
18.5  and  a  repetition  of  18.0  were  included  in  the  test  sequence  just  in  case  the  first 
presentation  of  18.0  failed  to  do  it  (18.0  uses  "it"  to  refer  to  what  is  in  the  hand,  so  that  it 
really  does  something  new  when  it  is  repeated).  The  tests  were  not  presented 
interactively,  but  in  an  unconditional  "batch"  mode,  so  that  18.5  and  the  second  18.0  were 
done  even  though  18.0  alone  would  have  been  sufficient  in  the  particular  test  run  -  recall 
that  the  "randomness"  of  FINDSPACE  makes  it  difficult  to  repeat  particular  behavior. 

The  seventh  and  eighth  segments.  Tests  19  through  24,  are  designed  to  force  the 
table  to  be  too  crowded,  so  that  the  backtracking  within  GETRIOOF  could  be  demonstrated. 
Test  19  exercises  the  STACKUP  procedure  and  stacks  up  a  number  of  blocks  so  that  they 
can  be  out  of  the  way  while  the  table  is  cluttered  up  with  other  things.  The  sat  of  things 
to  b^  stacked  included  two  pyramids,  which  the  program  refused  to  try  to  do,  with  the 
proper  warnings.  A  dump  of  Working  Memory  appears  after  Test  19,  to  illustrate  the  Kind 
of  information  that  is  stored  to  record  progress  within  the  system  of  choicepoints,  and  to 
illustrate  goal-sequencing  information.  Tests  20,  21,  and  22  put  objects  on  the  table,  artd 
so  does  23  except  that  it  turned  out  not  to  be  necessary  in  the  test  sequence  in  order  to 
produce  the  backtracking  behavior  in  Test  24. 

The  backtracking  behavior  that  resulted  from  Test  24  is  rather  strange:  in  trying  to 
pick  up  the  bottom  block  of  the  big  stack  built  by  Test  19,  it  gets  rid  of  almost  all  of  the 
things  on  top  of  the  bottom  block,  but  then  fails  to  get  rid  of  a  particularly  large  block, 
and  thus  has  to  back  up.  But  the  backup  takes  it  immediately  all  the  way  back  to  getting 
rid  of  the  top  of  the  stack,  rather  than  the  more  natural-seeming  operation  of  first  trying 
to  get  rid  of  the  lower  objects  in  different  ways,  and  then  working  back  up  to  the  top  if 
those  don’t  work  out.  This  is  due  not  to  the  explicit  choicepoints  in  the  PS  but  to  the 
structure  of  the  GETRIOOF  process:  it  finds  a  place  to  get  rid  of  the  object,  then  tries  to 
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grasp,  which  in  turn  triggers  a  GETRIOOF  whan  the  object  being  disposed  of  turns  out  to 
have  something  on  top  of  it.  The  problem  with  this  is  that  the  choicepoint  occurs  before 
the  subgosi  is  evoked  so  that  when  backtracking  occurs,  all  of  the  choicepoints  occur 
before  all  of  the  hand  movements,  resulting  in  going  back  to  the  point  where  the  stack 
hasn’t  yet  been  touched  as  described  above.  The  behavior  exhibited  on  Test  24  in  the 
eighth  segment  is,  I  believe,  identical  to  what  would  have  been  done  by  the  original 
Planner  version  <jt  wouldn’t  have  survived  in  that  form  if  it  had  been  properly  tested,  1 
speculate).  (This  belief  is  based  on  "hand"  simulation  of  Planner,  arid  would  only  be 
contradicted  if  Planner’s  implementation  of  handling  choicepoinfs  is  contrary  to  what  seems 
to  me  to  be  the  natural  order  of  things*,  I  could  not  find  in  the  available  documentation 
anything  describing  that  scheme  in  detail  *■  there  is  only  vague  informal  description  of 
Planner  primitives'  semantics).  The  remedy  is  to  modify  the  subgoal  structure  of 
GETRIOOF,  so  that  it  does  a  GRASP  before  it  does  the  FINOSPACE.  One  alternative  that 
might  be  easily  implemented  in  the  PS  version,  but  quite  impossible  in  Planner,  is  to  have 
backup  return  to  the  choicepoint  with  the  most  recent  primitive  hand  action,  as  opposed  to 
the  one  with  the  most  recent  creation.  That  is,  backup  would  undo  things  between  two 
specified  choicepoints,  rather  than  treating  choicepoints  as  a  stack  and  undoing  things 
from  the  top  only.  For  the  purposes  of  demonstrating  the  correctness  of  my  diagnosis,  I 
modified  WBlox  (with  in-core  edits  that  aren’t  reflected  in  the  main  program  listing)  and 
ran  Tests  22  and  24  again,  labelling  the  reruns  to  be  the  ninth  segment  in  Appendix  K 
The  changes  to  get  it  to  work  involved  interposing  a  GRASP  subgoal  in  the  RHSs  of  WIl, 
W13,  arKf  W15,  and  two  other  modifications  that  might  also  be  considered  fixes  of  bugs  in 
the  GETRIOOF  choicepoint  bookkeeping,  although  they  don’t  interfere  with  the  standard 
GETRIOOF  (because  the  standard  version  in  its  backup  throws  away  all  of  the  GETRIOOF 
goal  structure  and  essentially  starts  from  the  beginning  again):  the  NE(aATE  in  W16  has  to 
be  (ALL,-6,-9),  leaving  the  HASLEVEL  attached  to  the  GETRIOOF  goal  so  that  it  can  be 
retried,  and  an  extra  conjunct  in  the  RHS  of  W17  it  necessary, 
GETF.tOCHOICE(K«l,G,  1,02,0,0.0,0),  a  dummy  to  make  GETRIOOF  really  act  as  if  it  has  tried 
three  times  on  the  table  when  it  fails  to  find  space  on  it  in  the  first  attempt.  The  behavior 
exhibited  in  the  ninth  segment  shows  a  reasonable  backup  order,  although  there  are 
redundant  GRASPs  because  only  a  minimum  amount  of  patching  was  done  to  get  the 
desired  behavior. 


E.4.  Meanings  of  predicates  for  Wblox 

This  subsection  explains  the  predicates  that  are  used  in  the  additions  made  to  MiliPS 
to  handle  inputs  for  WBlox,  and  in  WBlox  itself.  In  a  few  cases,  old  predicates  have  been 
modified  slightly  as  noted. 

Many  of  the  new  predicates  in  the  MiliPS  part  start  with  "IMP"  (imperative)  or 
"CHECK".  The  following  are  used  in  goal  sequencing  and  bookkeeping:  HASLEVEL,  FAIL, 
NEXT,  NEXTF,  SUCCEED.  To  keep  track  of  events  and  do  backtracking,  these  are  used: 
BACKUP,  CHOICECOUNT,  CH0ICETIk4E,  EVENHIME,  UNEVENT. 

Argumenfs  to  the  predicates  are  typed  according  to  the  following  conventionst 
a  attfibuta:  COLOR,  SIZE 
c  set  or  stack 

I  foal 

h  hand 
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n  number 

O  object:  BALL-1.  BLOCK-3,  etc. 
p  poeition  in  string:  Tl-1.  K-1.  etc. 
r  relation:  IN.  ON.  UNDER,  and  l\£AR. 
a  sign:  POS  or  NEC 
ax.  ay,  sz  size  along  the  three  dimensions 
t  temporary  object  tohen:  OBJ-1.  OBJ-2.  etc. 

V  value:  LARGE.  RED.  etc. 
w  erbitrary 

X.  y.  z  values  of  the  three  spatial  dimensions. 

A001NSET(r,o,c)  add  to  c  objacto  tha<  ara  ralatad  by  r  to  o.  (W)e 

BACKUP(n)  back  up  in  tha  procaatint,  undoinf  actiona  unNI  lha  aHoicapamt  m  is  iMchad  (Uf) 
CHAniREl(rl,ot,r2,a2)  add  HASINOSELo  aaaariint  rl  at  al  tar  Ihiata  that  an  r2  of  o2.  faradas  flw 
tranaitiva  ctoaura  of  rl  at  al.  (B) 

CHECKFAILFIT<i%a,Kl,yl,H2,y2,c,K3,y3;aM,av,at)  it  Ibia  atgnol  ia  aMaminail  tha  6R0WT0FIT  pracaaa  has  falaA  oineo 

it  dalalaa  Ibia  whan  it  aucaaoda:  taihita  aeana  anolbar  itaratian  of 
FINDLOWPAIR  in  naoattary;  arfumania  aa  tar  FINDLOWPAIR.  (Q) 
CHECKPICKUP(o)  initiala  tba  CHECKPICKUP2  ehack.  (V,  M) 

CHECKPICKUP2(o)  do  tha  actual  eback  that  tha  PICKUP  cemaand  an  a  aueaoodadL  (V) 
CHECKPlfTOOWN(o,M,y,K)  iniliata  tha  CHECKPUT00WN2  chack.  (V,  M) 

CNCCKPUTOOWN2(o,H,y,a)  chack  that  a  ia  near  put  down,  ia.,  an  aaiaathias,  with  a  taatian  dittonnt  fron 
(a,  y,  l).  (V) 

CHECKPUTON(ol.r,o2)  iniliata  tha  CHECKPUTON2  check.  (V,  M> 

CNECKPUTON2(ol,r,o2)  chack  that  ol  haa  boon  put  an  or.  hv  accordinf  la  r,  aZ  (V) 

CHECKSTACKUP(o)  iniliala  lha  CNECKSTACKUP2  chack.  (V,  VI) 

CltECKSTACKUP2(o)  chock  that  o  haa  bean  atackad  up  accordint  to  lha  STACKUP  ceaaaaHd.  <V) 
CMOlCECOUNT(n)  tha  maat  recant  choieapoini  ia  the  n'th.  (W,  M) 

CH01CETIh4E(nl,n2)  lha  nl’th  choioapoini  ia  al  EVENTTIME  n2.  (W) 

CLEAIK)FF(t.a)  clear  all  lha  top  at  a.  (W.  Q) 

ClEARTOP(a)  o  haa  a  clear  top,  with  no  elhar  abiacta  on  it.  (Q,  W) 

CONJBOUNO(w)  a  noun>phraao  boundary  al  a  coniunctian  (AND)  haa  boon  ran  chad  in  oontoneo  W. 
(B,G) 

CONVIND(r,e)  compulo  and  convert  coiapulable  ralatiena  r  et  o  to  OKpKcM  HASINDREla  (F.  B) 
ERSFINONEARPAIR(n,o)  oraao  all  FINONEARPAIR  inalaneea  with  corraapondin|  n  and  a  ortwoonto.  (0) 
ERSFINOPOSS(I)  oraao  tha  FINOPOSS  inalaneea  tor  t.  (B> 

CRSGETRIOCHOlCCS(n,t)  oraao  lha  corroopendint  CETRIDCHOICE  inataneoai  <W) 

ERSPACKCHOlCES(n,()  oraao  lha  cerroapondint  PACKCHOICE  inalaneea.  (W) 

ERSPl/TONlCHOtCEStn,!)  oraao  the  carraapendini  PUTONlCHOICE  inalaneea  (W) 
ERSREM0HASREL(ol,r,o2,n)  araaa  lha  carraapendini  REMOHASREL.  (0) 

ERSTRIEOPACK(o,c)  araaa  lha  cerroapondini  TRIEDPACK  inalaneea  (W) 

ERSTRIEDPUT<o,c)  araao  lha  eorraapondini  TRIEOPUT.  (W> 

ERSTRIEOSTACK(o,c)  araaa  lha  cerraapondint  TRIEOSTACK.  (W) 

ERSUNEVENT(nl,n2)  araaa  UNEVENT  tar  nl  while  backint  up  (BACKUP)  la  choieapoint  nZ.  (W) 
EVENTTIME(n)  tha  currant  avani  ia  lha  n'lh  (all  avanla  (aka  one  unit  of  'thno'').  (Q^  W.  M> 
E)(PECTM00(wl,w2)  aonlonea  wt  haa  (ha  onpaclalion  that  a  modiliar  (UP,  DOWK  olc.)  w2  wM  ocnir. 
a,  F,  M,  G) 

FAIKf)  t  haa  taiM  (W) 

FAILLOCATE(a)  apace  could  not  be  lacalad  tar  a  (which  ia  a2  in  FINOSPACE).  (0,  W) 
FAILPACKUP(t,al,o2,e)  (ha  eaeond  maier  alap  et  PACK  taHaA  namely  tryini  (e  put  el  en  on  obioct  )uol 
’packed*  onto  a2i  |oal  |  ia  lha  main  PACK  |oab  ait  oat  a  onto  a2.  (W) 
FAILPIirONl(|,al,e2>  lha  |eal  to  PUTON)  al  onia  o2  lada  (W) 

FAlLPUTONSET(|,c,a)  lha  seal  |  (a  pvt  ana  at  (he  abiacle  in  ael  c  en  a  haa  (aSaA  <W) 
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FAILPtirONSrACK(|,ol.o2,e) 

FINDHIGIM(«,iil,ii2,y),y2.i) 


FAtLPUTONSETALL(|,i^)  tht  teal  t  t«  put  wliala  wl  c  (■■  upppapO  tP  pr  pIpaiPRt  tf  H;  ppp 
FAIIPUTONSET)  en  o  Pat  faiM  (W) 
tha  (oai  I  (a  put  al  aata  a2  in  PuiUni  ataek  c  taiM  (W) 
find  cbiaeta  in  rapian  (n),  yl)  la  l»2,  y2)b  at  hai|kt  t,  i|narin|  ai  ahiacta  ars 
daairad  aucb  that  (hay  baun<  ar  claaa  ii^  Ilia  rayian  fram  abaw%  wiNi  raapaal  la 
lha  X  diawnaiaa  (0) 

FlN0HIGHV(o,Ml,H2,yl,y2,i)  find  abiaela  aa  far  FINOHIGHX,  but  in  tha  V  dhaanaiaii  <0) 
FINOLOWPAIR(isa,Ml,yl,M2iy2,ttM3)y3taii,ay,at)  find  tha  lawar  camar  af  an  apan  apaaa  in  lha  hariaanlal  rafian  (nt, 

yi)  la  (112,  y2>  nl  haiphl  a,  atarlini  fram  lha  randaady  chaaan  pami  (k3^  y3)i 
ipnara  lha  apaaa  aceupM  by  ai  n  ia  a  caunlar  which  Macha  Ihia  actian  if 
naialiva.  (Q) 

FINDLOWX(o,nl,M2,yl,y2,c)  find  cbiacta  in  rayian  (nl,  yt)  la  (ii2,  y2),  nl  haiyhl  a.  iynarini  m  abiaela  ara 
daairad  auch  that  lhay  baunA  ar  claaa  iiv  lha  rayian  fram  balaw,  wHh  ranpaci  la 
lha  X  dimcnaiaft  (0) 

find  abiaela  aa  far  FtNOLOWX,  ancapt  in  lha  V  diamnaiaii  (Oi 
(n,  y)  ia  a  candidila  paini  far  lha  daaaal  abiacl-baundary  paint  la  a  paM  (in 
FINOLOWPAIR,  in3,  y3»  lhal  waa  randaady  aalaclad  and  favnd  la  ha  within 
aaaw  abjacti  iM  auch  ara  anaadnad  la  dalarmina  lha  daaaal,  far  uaa  bi  a  naw 
FINOlOWPAtR  aflampl  <01 

find  a  rayian  af  claar  apaaa  an  al,  iynariny  apaaa  accupM  by  a2,  af  aiaa  Inn, 
ay,  ac).  (Q,  W) 

caliacl  lha  raaulla  af  tha  GROWTOFfT  pracaaai  n  and  a  aa  in  GROWTOFIT!  (a,  y, 
i)  ia  lha  lawar  carnar  paini  af  lha  rayian  hainy  anaadnad.  (0) 
iniliaia  lha  FOUNOKICHPAIR  pracaaa  (0) 

lha  rayian  with  lawar  iafl'hand  carnar  al  (a,  y,  i)  ia  Hia  raaull  af  FMOSPACE 
an  a  1  far  a2.  (Q,  W) 

QETRI0CH01CE(nl,y,n2,al,a2,M,y,i)  in  doiny  GCTRtOOF  a2  by  pulliny  il  an  al,  lha  paint  («,  y,  a)  haa  baan  a  chaica^ 

within  ehaieapainl  nuabar  nl;  Ihia  ia  lha  n2’lh  chaica  at  thin  chaicapaint.  (VO 
find  a  plaea  la  pul  a  alhar  lhan  wham  il  ia  (W,  0) 
in  Iryiny  la  GCTRtOOF  at,  lha  aacand  alap  ia  la  pul  il  an  a2.  (W) 
yraap  a  with  lha  hand  (Q,  W) 

parform  lha  acluat  mavamanl  la  yal  lha  hand  in  paaHian  la  yraap  a  (0) 
caiaplala  lha  ymap  apamtian  with  GRASPING.  (0) 

far  purpaaaa  af  bachiny  up,  da  an  abbmvialad  (wilhaul  lha  chacka  and  aubyaala) 
varaian  af  GRASP.  (0) 

GRASPING(h,a)  h  ia  yraapiny  a.  (0.  T,  M,  V> 

QROWTOFIT<iva,>il,yi,a2,y2,i,a3,y3;a«,ay,ai)  lha  aacand  alap  af  lha  LOCATESPACE  pracaaa,  lha  firal  bab«y 

FINOlOWPAIRi  aryunwnia  aa  far  FINOLOWPAlRi  Ihia  alap  taala  whathar  thara 
ia  anauyh  apaea  la  fil  lha  daairad  claar  apaaa  wilhaul  abalruclian  al  lha  paint 
faund  by  FINOlOWPAIRi  if  aa,  it  Iriaa  la  dalarmina  a  biyyar  rayian  canlaininf 
lha  aufficiant  claar  apaaa:  aaa  FINOHIGHX.  (Q) 

6ROWTOFnO(n,ei,iil,yl,ii2,y2,c,K3^y3>aii,ay,az)  ddliala  lha  6ROWTOFIT  pracaaa:  aryumania  aa  far  GROWTOFIT.  10) 
GSKw)  aanlanoa  w  ia  an  niparaliva.  (G,  F,  B,  M) 

al  hat  an  inddacl  ralalian  r  la  a2.  (W,  F,  B) 
t  haa  indanlalian  lawal  (dapth)  n.  (0,  W,  M) 

al  hat  ralalian  r  la  a2i  aiyn  a  ia  aaavmad  POS  far  WBIao.  (0,  W,  E,  F,  B,  V,  M) 
a  haa  tie#  alany  lha  Ihma  ca-ardinalaa  (aii,ay,ac).  (0,  W) 
yt  haa  auparyeal  y2.  (W) 

lha  upper  X  caardinata  aa  daairad  by  FINOHIGHX  (a  and  n  aa  in  FINOLOWPAIR) 
ia  H.  (Q) 

aimilar  la  HICHX,  aacapi  far  tha  V  diamnaian  (Q) 

a  haa  baan  uaad  aa  a  chaica  far  an  indafrnila  dalarminar  HI  an  haperallim 
nianoa  (B) 

chaaaa  a  rafamni  far  I,  m  an  iiapamliva  aanlaneai  (B) 
lha  ward  al  p  ia  an  indafinila  dalarminar,  in  an  lawaraliva  aanfaneai  (H  0) 
lha  main  abiacl  (ar  ana  af  a  aal)  far  lha  impamliva  aanlanea  w  ia  a.  B) 
lha  ralalion  la  ba  fuNilM  in  imparaliva  aanlanea  w  ia  r  af  al.  (K  T,  0) 


FlN0l0WV(a,iil,i<2,yl,y2.i) 

FINONEARPAlR(n.a,R.y) 


FINOSPACE(al,a2,ai<.ay,ac) 

FOUNOHICHPAIR(n,a,ii,y,c) 

F0UN0HIQHPAlR0(^o,ll.y,l) 

F0UN0SPACE(al,a2,>i,y,c) 


GCTRI00F(|,e) 

GETRI0PUT<y,al,a2) 

GRASP(y,a) 

GRASPl<y,a,H,y,c) 

GRASP2(y,e) 

GRASP3(Ka) 


HASINOREL(al,r,eZ) 

HASLEVEKy.n) 

HASREL(al,r,o2,a) 

HASSIZE(a,aN,ay,ac) 

HASSUPCRCOALIyl.yZ) 

NIGHX(^a,>) 

HIGHY(^a.y) 

IMPCHOICECa) 

IMPCHOOSE(I) 

IMPINOEF(p) 

Ih4POBJ(w,a) 

IMPREl(w,r.a) 
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lMPRESTRft,ol,r,o2) 

lMPTVPE(wl.w2) 

lNSET(o,e) 

INSTACK(o,c) 

ISCOMRREKr) 

ISIMPER(p) 

ISINOREKr) 

LOCAT(e.ii,y.t) 

LOCATCRESULT<e.iil,yl,>2,y2,i> 

LOCATESRACE(«l,a2,»My.K) 

LOW)((n,«,ii) 

LOWV(^o.y) 
MAKE8PACE(c,o  l,o2,tM,ty,*c) 
MAKCSPACE2(t.ol, 02, •K.ty.M) 

MAKC8PACE3(t,o  l,e2,oi<,«y,ic) 

MOVEHANO(K,y,c) 

NEWLOCAT<o) 

NCWlOCAT2(e) 

NEXT<t,w) 

NEXTr(t,w) 

NOCLEAR(t) 

NPCCHKKp) 

f4PGCHK2(p) 

NPGCHK3(p> 

NREPLV(t<) 
PACK(t,c,o) 
PACKCM0ICE(nl,|,R2,a  l.oE.o.y.t) 

PACKPUT<f,e.ol,e2> 

PACKUP0N(|.c.ol,e2> 

PICKUP((.o) 

PICKUP2(t,h) 

PUT<|,o,i«.y.i) 

PUTOOWN(|,e) 

PUTMOVE((,e,ii,y,c) 

PUT0N<t,el,o2) 

PUTONl<t,ol,o2) 


0  peioiblo  oltorMlivo  for  (  Iho  mom  obioci  in  on  inipontloi  oontanan  In  nl,  in 
conjunction  with  rototien  r  of  e2.  (M,  F) 

Iho  typo  of  impontivo  in  oonloneo  wl  *■  w2  (PICKUP,  #!&)•  (K  0) 
o  io  in  oot  c:  (W) 

0  io  in  ci  olocko  oro  looMly  dofinod  to  indudo  Iroot  of  Wocfc&  Vi,  V) 
r  it  0  eeiapultWo  rototion.  (F,  BL  T) 

(ho  word  ot  p  io  on  inpototivo  |raoiMr  typo.  (Nt  T,  0) 
r  it  on  indiroel  rototion  (F,  B;  T> 

o  hot  ito  lowor  toft-hond  cornor  ol  (K,y,t)i  o  owy  oloo  bo  (ho  bond.  (0,  f,  V) 
tho  rofion  found  by  (ho  LO(U(TESPACE  procooo  io  (nl,  yl,  s)  (o  (h2,  y2,  c)i  o  Io 
(ho  ebjoct  ifnorod  in  (hot  procooo.  (0) 

initioto  (ho  octuol  procooo  of  findint  opocoi  too  FIND8PACE.  (Q,  W) 

Iho  lowor  X  eoerdinoto  oo  doobod  by  FtNDLOWX  (o  ond  n  ot  in  FINOLOthfPAlR) 

io  M.  (0) 

OHMior  to  LOWX,  OMCopI  (or  tho  V  diownoion  (0) 

mtfco  tpoeo  on  ot  ifnerinp  opoeo  occupied  by  o2,  of  oixo  (on,  oy,  oc>.  (Q^  W) 
tho  oocend  otop  in  Iho  MAKESPACE  procoon  to  try  Io  find  opoco  oflor  romovint 
on  obioc(  from  ol:  orfumonto  oo  for  MAKESPACE.  (Q) 

(ho  (inol  otop  in  MAKESPACE,  which  dolocto  ouccooo  or  ropoolo  (ho  orkolo 
procoooi  oriumonto  oo  for  MAKESPACE.  (0) 
movo  bond  (o  (x,y,c).  (0) 

o  io  ot  0  now  lecotion:  romevo  ony  oM  rololiono  (hot  oro  no  lonpor  utlid  (0) 

0  io  ol  o  now  locolion;  odd  ony  now  rololiono  (hot  hold  (Q) 
when  I  oucooodt,  oooorl  w.  (W,  Q) 
whon  I  foilo,  oooorl  w.  (W) 

the  proooni  PUTON  procooo  involvoo  o  oot,  oo  inhbit  tioorini  owoy  objoclo  (hot 
ooom  (o  bo  in  (ho  woy.  (0,  W> 

chock  for  noun>phroto  fronwior  odjoconciot  ot  pj  firol  olop  io  octuol  choebo.  (N) 

0  dohyod  iniliotion  of  (ho  oocond  otop  in  ehockinc  noun  phrooo  iroMOor.  (N) 
porform  (ho  oocond  olop  of  Iho  nouhi^rooo  fromoior  chock  o(  p^  which  io  (o 
cif  nd  error  if  oppropriolo.  (N) 

(ho  nunbor  of  roplioo  co  (or  io  n  (V,  S) 
pock  tho  objoctc  in  ool  c  onto  o  (W) 

tho  n2'lh  choice  ol  choicopoinl  nl,  tryinp  |,  it  Io  PACK  ol  on  o2  ol  (%  y»  x). 
(W) 

tho  PUT  olop  of  PACK  yool  |  of  oot  c  onto  o2  io  to  ploco  obioct  ol.  (W) 

Iho  oocond  nwjor  olop  of  f,  PACKiny  c  onto  o2,  io  Io  Iry  (o  pul  ooMoRtbif  fpOM 
c  onto  ol.  (W) 
pick  up  o.  (W,  M) 

tho  finiohini  olop  in  (ho  PICKUP  procooo  io  Io  bo  donn  la,  roioin|  II  (W) 
pul  o  ot  (n.y.i)  (Q,  W) 

pul  o  down  on  (ho  Itblo  or  whorovor  Ihoro  io  opoco.  (W,  M) 

do  (ho  octuol  movomont  of  tho  bond  oooociolod  with  o  PUT.  (Q) 

put  ol  on  o2i  (boro  noy  bo  o  col  of  inotoncoo  with  (ho  owno  o2  orfUMonl  (too 

PUTONSET)  (W,  M> 

put  Iho  oinylo  ebjoct  ol  on  e2,  oo  oppoood  (o  PUTONL  which  Mi|h(  bocoM 
PUTONSET.  (W) 


P(frDNlCN01CE(nl,|,n2,ol,o2,M,y,c>  tho  n2'lh  chcico  ol  |,  o  PUTON)  gool  of  ol  onto  o2,  choicopoinl  nl,  io  (ho 

location  (x,  y,  <).  (W) 

otorl  tho  octuol  PUT  otop  of  a  PUTON  I  yoal  (W) 
pul  objoclo  in  ool  c  on  o  by  chooomi  ond  uoiny  PUTONI  ilorativoly.  (W) 
cellict  tho  oot  of  objocto  in  moleneoo  of  PUTON  for  PUTONSET.  (W) 
tho  choicopoinl  n  for  PUTONSET  involvoo  putlini  ool  c  on  o.  (W) 
roiao  Iho  bond  by  oiovinc  it  atroifhl  up.  (0,  W) 

porform  tho  firol  otop  in  Iho  rolotien-rcotrictien  procoot^  which  io  (o  chock  for 
poaaibio  need  for  IMPRESTff,  q  v.  (F> 

RELRESTR2((,p,r,e,a)  tho  oocond  olop  in  Iho  rololion-rootriction  proeoai^  which  it  Io  chock  r  of  o  for 
pocoMo  roforonic  for  (,  to  rootrict  the  cot.  (F) 


PUTONPUT(|,ol.o2) 

PUTONSET(t.e.o) 

PUTONSETO(c) 

PUT0NSETCH01CE(n,t,e,o) 

RAISEHAND(h) 

RELRESTRI(et,p,r,o2,c) 
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ReLRESTRCHK(«.p,r,a,t) 


RELRESTRCHK2((,p,r,e,t) 

REMDHASREL(al,r,o2,t) 

REMOINSTACK(o,e) 

REPLV(^w) 

REPLVO(w) 

RETRY<t) 

STACKSET(c) 

SrACKUP(c,e) 

STACKliPSET(t,e) 

SUCCEEO(t) 

TRACEPUT]N<w) 

TRieOPACK(e,c) 

rRIEOPUT(o,e) 

TRIEOSTACK(e,c) 
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MlliPS  represents  a  successful  implementation  in  PSs  of  a  language  system  with 
some  general  features,  namely,  objects  with  relations  and  attributes,  main  sentence  forms 
thst  describe  a  scene,  imperative  forms,  and  a  variety  of  queries.  Inputs  are  processed 
without  recourse  to  conventionai  syntactic  parsing,  and  no  tree-structured  representation 
of  them  is  formed.  Text  is  converted  immediately  on  being  scanned  to  an  internal  form, 
which  is  quite  sufficient  for  further  manipuiations,  but  which  doesn’t  preserve  the  surface 
structure  at  all.  At  each  point  in  the  left-to-right  scan  of  an  input,  as  much  as  possible  is 
known  and  inferred  from  what  has  been  scanned.  Five  forms  of  completeness  have  been 
discussed,  and  MiliPS’s  capabilities  were  delineated  with  respect  to  those,  providing  a 
measure  of  its  potential  performance  beyond  the  50  test  sentences  exhibited.  Linguistic 
anomalies  are  systematized  into  the  categories  ambiguity,  redundancy,  and  inconsistency, 
and  the  main  reaction  of  the  system  to  inputs  is  based  on  the  interaction  of  sentence  type 
and  the  presence  of  those  anomalies.  Augmenting  an  early  version  to  handle  the  blocks 
manipulation  task  was  carried  out  by  major  additions  to  the  set  of  Ps  with  few  changes  to 
existing  Ps  and  with  no  deletions. 

WBlox  is  a  specialized  problem-solver  for  blocks  manipulations  of  a  simple  sort.  Its 
organization  is  hierarchical,  it  features  operating  on  a  model  and  carrying  out  updating 
procedures  as  a  result  of  operations,  and  is  capable  of  backtracking  in  a  search  space  to 
find  a  feasible  plan  of  action.  The  system's  goals  are  explicit  and  are  sequenced  to  result 
in  search  behavior  representable  as  an  and-or  graph.  A  less  prominent  backtracking 
mechanism  is  needed  here  than  in  the  original  Planner  implementation  of  a  similar  blocks 
problem  solver.  Analysis  of  the  problem  domain  allowed  some  decisions  made  formerly  by 
backtracking  to  become  more  precise  ordering  decisions,  taking  advantage  of  selectivity  in 
the  LHSs  of  Ps.  The  remaining  decisions  requiring  potential  backtracking  were  formulated 
explicitly  as  choicepoints  and  associated  with  a  stream  of  undoable  primitive  operations, 
rather  than  having  mechanisms  of  questionable  flexibility  built  into  the  underlying 
architecture  as  in  Planner  and  other  recent  AI  languages.  A  set  of  tests  were  devised  to 
fully  exercise  the  capabilities  of  the  problem-solving  system. 

The  question  of  whether  the  present  system,  and  more  generally  PSs,  could  bo  used 
for  further  research  can  be  approached  along  the  lines  of  the  language  system  and  the 
problem-solving  system  independently.  The  completeness  considerations  in  Section  B.1 
support  a  wide  task  domain  coverage  for  the  present  system  and  indicate  a  framework  for 
making  additions  to  the  system  to  rationally  order  the  priorities  for  augmentation.  The 
precise  formulation  of  semantic  cases,  discussed  in  Section  B.2,  Section  B.3,  and  Section 
D.A  raise  further  issues  for  augmentation  and  indicate  how  minor  some  of  the  omitted 
considerations  in  the  present  system  are.  Nevertheless,  analysis  of  the  existing  cases, 
explicitly  given  as  Ps  and  thus  in  a  usable  form,  might  be  fruitful  for  cleaning  up  the 
structure  and  giving  it  more  inherent  generality  and  flexibility. 

To  use  the  present  techniques  in  a  new  task  domain  would  first  require  a  new 
lexicon,  which  simply  involves  changing  the  tagging  process  (T  Ps),  which  are 
iryjependently  modifiable.  It  would  probably  be  necessary  to  augment  the  grammatical 
adjacency  tests  for  new  word  classes,  but  this  doesn’t  present  obvious  difficulties  either. 
The  semantics  of  blocks  relations  and  how  relations  interact  in  the  understanding  of  inputs 
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might  bo  tho  aroa  requiring  the  most  new  problem-soiving.  There  is  already  present  a 
system  of  dividing  relations  into  direct  ones,  indirect  ones,  and  computable  ones,  and  that 
scheme  and  its  processing  conventions  might  carry  over  intact  (cf.  the  discussion  in 
Section  D.2).  The  actual  use  of  relations  in  referent  determination  would  probably  bo 
along  the  lines  of  the  present  F  Ps,  but  considerations  there  would  probably  not  interact 
with  the  closely  related  set  of  B  Ps,  given  that  many  interactions  have  already  been 
worhed  out  In  response  to  the  demands  of  the  augmentation  included  in  the  present  work. 

Some  further  work  has  already  been  done  by  others  within  the  basic  blocks  problem 
solving  domain.  In  particular,  Fahiman  (1974)  describes  a  reworking  and  extension  of  the 
blocks  task,  which  in  retrospect  might  have  served  as  a  better  vehicle  for  comparisons 
than  the  original  one  used  here.  Of  the  nature  of  the  blocks  tasks  that  he  focussed  oh,  it 
suffices  to  say  that  they  involved  building  more  complex  structures  than  In  WBlox, 
sometimes  using  auxiliary  structures,  allowing  rotations  of  objects,  enabling 
intercommunication  between  goals,  and  m^elling  the  mechanics  of  contact  and  balance  of 
objects  more  carefully.  Fahiman  developed  a  flexible  control  structure  within  the  Conniver 
framework  (Sussman  and  McDermott,  1972),  and  asserted  its  superiority  over  Planner  and 
similar  languages,  and  also  specifically  over  PSs.  Fahiman  emphasized  the  importance  of 
being  able  to:  set  up  explicit  goals;  test  hypotheses;  switch  back  and  forth  between 
alternate  promising  approaches  to  a  goal;  and  give  up  on  an  approach  with  specific 
difficulties  communicated  back  to  higher  goals.  Of  those  four  features,  only  the  last  is 
something  that  hasn't  yet  been  explicitly  demonstrated  in  PSs,  although  keeping  major 
alternative  approaches  for  relatively  large  models  also  deserves  further  research  in  the 
PS  framework.  (  will  now  discuss  some  of  Fahiman's  points  in  more  detail,  and  argue  that 
the  ability  of  PSu  to  grapple  with  the  difficulties  of  the  task  domain  is  promising,  if  not 
already  demonstrated. 

Fahiman  developed  a  "dhoice-gripe”  control  structure,  in  which  each  choicepoint  is 
explicit  and  sets  up  a  gripe  handler  so  that  failures  of  subgoals  following  the  choice,  when 
those  failures  include  specific  gripes  on  why  they  occurred,  can  be  processed 
appropriately.  A  gripe  handler  reacts  more  flexibly  than  choicepoint  recovery  in  WBlox,  in 
that  it  can  involve  taking  better  preparatory  steps  and  then  retrying  the  subgoal,  or 
redefining  the  subgoal  in  some  way  and  then  retrying  it,  or  taking  other  similar  corrective 
actions.  It  seems  clear  that  the  present  choicepoints  in  WBlox  could  easily  be  extended  to 
behave  in  these  more  flexible  ways,  according  to  task  demands,  since  the  recovery  is 
handled  by  specific  Ps. 

In  trying  alternative  paths,  Fahiman  made  use  of  Conniver’s  multiple  data  contexts, 
in  which  context  tags  are  used  to  point  to  complete  context  alternatives,  allowing  them  to 
be  examined,  resumed,  or  suspended.  Such  a  facility,  if  the  task  really  required  it  (as 
oppC'sed  to  using  it  as  a  convenience  because  it's  there),  would  be  an  explicit  mechanism  in 
PSs,  perhaps  storing  alternative  contexts  as  Ps  and  having  them  selectively  evokable  for 
examination  or  resumption.  But  a  PS  approach  might  be  found  to  avoid  that  by  coding, 
instead,  methods  for  patching  up  difficulties  or  revising  an  ever-current  state  to  make  it 
look  as  if  something  different  had  been  done.  Based  on  the  limited  evidence  on  human 
behavior,  e.g.  in  Newell  and  Simon  (1972),  humans  seem  to  make  use  of  mistakes  without 
having  to  return  completely  to  a  state  on  some  other  branch  of  a  search  tree,  and  perhaps 
have  better  diagnostic  and  recovery  methods  because  of  limitations  along  the  same  lines 
as  would  be  the  case  in  a  PS  implementation.  Rather  than  storing  entire  states,  the 
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altornative  might  be  to  Keep  path  information  so  that  a  previousiy-seen  knowledge  state 
could  be  recomputed  (perhaps  laboriously)  if  necessary. 

Several  minor  topics  raised  by  Fahiman  can  now  be  discussed.  His  system  made  use 
of  a  distinction  between  primary  data  and  secondary  data,  which  can  be  re-computed  if 
necessary  from  the  primary  data,  but  which  is  kept  around  anyway,  subject  to  erasure  if 
storage  becomes  scarce.  This  might  correspond  to  having  a  fading  Working  Memory, 
where  items  not  accessed  for  some  period  of  time  simply  disappear.  Such  a  scheme  has 
not  been  implemented,  but  it  has  been  indicated  as  useful  in  several  places  in  the  present 
work.  Fahiman  additionally  proposes  that  memory  fade  be  based  on  the  difficulty  of 
recomputation  and  on  some  estimate  of  expected  usefulness.  Fahiman  comments  on  the 
overall  loose  style  of  his  system,  which  allows  it  to  step  back  from  local  jam-ups  and  try 
to  get  around  them.  This  is  just  as  much  an  attribute  of  PSs,  given  the  appropriate 
memory  representation  of  what  constitutes  a  jam-up.  He  says  his  program  is  prone  to  get 
into  infinite  loops,  and  proposes  that  a  more  sophisticated  system  would  record  states  and 
occasionally  check  back  to  make  sure  there  isn’t  serious  repetition.  Such  a  solution  should 
be  equally  feasible  in  PSs,  although  perhaps  not  as  necessary  because  PS  architectures 
have  some  built-in  safeguards,  e.g.  not  firing  a  P  on  the  same  data  twice  unless  some  of  it 
has  been  re-asserted.  The  topic  of  loops  needs  further  research,  certainly.  Finally,  the 
goal  intercommunication  in  Fahlman’s  system,  which  includes  both  protection  of  goals* 
results  from  interference  and  dissemination  of  useful  information  to  others,  should  be  quits 
feasible  in  PSs  due  to  the  open,  global  nature  of  the  Working  Memory. 
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It  iirut  rcit  IS  ’  *  swci  tco  aau  it  in  nc  aoi  M  nc 

toons  SITE  snec  imi  ro  ttifs 

toons  caoa  aco  imi  to  itu>t 

toons  tail  Biil.l-3 

OBJ't  tfsis  la-i  loi-i  loa-z  ... 

OBJ-a  arsic  aii-i  nooa-i  rtau-i  ... 

ou>s  acrcas  noOR-i 

tcucsTB  OBJ-E  la-i  on  Fvooa-i  m 

OBJ-t  terras  toa-r 

toons  B<tL-I  in  Bt-E  imi 


tco  nooR  * 


tear  iinctTii 


It*  lasL-i  ttii.1  IBN.I.-E  atiLi  latiL-t  atiLi  (■.«-!  aocici  laox-i  aoti 
iioi-E  Boai  laooa-i  riooai  ntac-i  itaci 
M«*v  iBtu.-i  caoa  auc  mi  latii-E  caoa  auc  mi  latiL't  size  tntu  mi 
latu-t  size  sntii  mi  latiL-i  caoa  tco  mi  iaacic>i  size  caaK  mi 
laocx-i  caoa  ckih  mi  iBt-z  caoa  tco  neei  ircooR-i  cav  tco  mi 
otac-i  caoa  aco  mi 

•wta  ittu.-i  ON  raat-i  mi  iatu.-i  new  am-i  mi  ittu-z  on  aaac-i  mi 
iBsi-t  IN  B<-E  mi  laocK-i  ON  itac-i  mi  isoi-i  on  Ttau-i  mi 
tioi-z  ON  rvooa-i  mi  iioi-z  on  ttau-i  nesi 


It  iiniT  rcir  is  ■  neac  it  *  laacc  caccN  aau  in  nc  tot  on  nc  ruioa  Ncta  nc 
Btu  IN  ne  Bi  ON  ne  riooa  ’ 
toons  size  itacE  imi  to  atcL-t 
toons  caoa  caccN  imi  ro  ttu-< 
toons  Btu  iM.L-4 
oai'E  tmic  Bt-i  Bt-i  Ba-z  ... 

OBI-I  tCFCaS  rcOOB-l 

tevaesra  ou-E  as-i  on  nooa-i  m 

oai'E  acrcas  Bt-z 

toons  itu-«  IN  B«-E  imi 

OBJ‘t  tiaiG  ais-i  a>iu.-i  Btu>z  ... 

OBJ't  ««IC  aiB-l  B<-l  Ba-z  ... 

OBJ-t  acrcas  rioot-i 

acitcsra  otJ-s  tii-i  on  ruxa-i  m 

ou-t  acrcas  aoi-z 


c 


nm 


ittrt 


c 


KLVSTn  oajM  Bis-i  IN  am-z  m  i«-i  iz-s  tiz-i 

Ncrcn  iNtt-*  ii-B  61-7  Nj-7  iaB-7  rs-«  fi-47  f»-«6  rv«  rs-**  rs-fi  ruz  r«-a 

KlINCaN  OW-J  f|Z-l  NtNN  M.L-1  706  tl-r  I66-J  NZZ-6  Nll-7  fil-K  fZI-n  TZI-H  fZl-B  fZI-»  71*-* 

KLINCON  OBJ-Z  riz-l  NCM  BDLL-I  706  61-a  TI4-4  K-6  7i;-S 

TOOINC  B7tL-4  NtTB  BTIL-J  I70S1  6I-6S  Cl-B  NI-6  NSB-B  75-54  75-55  fS-»  7$-57  TB-fB  7B-5B  75-BB  7S-BI 

bitit  i(a7NT)l  6|.4B  756-4  NZZ-7  WJ-t  7«-37  771-B  7Z«-Jf  7ZI-4B  7ZI-4I  7ZI-4Z  7ZI-46  7IB-7 

BI-4  Bt6-1  en-3  731-3  713-B  B3-3  BI3-4  C3t-4  731-4  7II-B  711-5  Bl-4  BIB-I 
IM  (BMlL-l  BTtLI  (BTLl-Z  BTLLI  laKlL-S  B^«.LI  iaiK.L-4  BTIL)  l&OOC-l  aCOCI  C3I-I  B36-I  BIB-Z  C3I-Z  536-2  BII-3  CIZ-I 

(BOI-I  aOI)  IBOT-Z  BOXI  <71(01-1  7L(D»I  ITTBLE-I  TTBLCI  64-4  153-4  151-5  151-6  151-3  IB-B  VZB-lt 

M7S4W  (BTLL-i  caoN  am  7051  (Btll-z  colon  aix  toii  (btll-z  5121  9mx  Toit 

(B7LL-1  SlZt  5n«LL  7051  (BM.L-3  COLON  750  7011  (ailLL-4  5IZC  L7NCC  Toil  71651  II  OUT  07  IIZ  76006 

(a7LL-4  CaON  C75CN  7051  laOCK-l  SIZE  L7K5  7051  laOOC-l  ca06  C6C5N  7061 
lam-z  COLON  teo  negi  ieloon-i  can  teo  tod  i7«au-i  can  kotobi 

HNSNCL  (BTCL-I  ON  TMLE-I  7051  IB7LL-I  WTN  aOCK-l  7051  IBILL-Z  n  aOCK-i  TOBI  - - ........ 

(BTLL-i  in  BOX-Z  7051  (B7LL-4  IN  BB6-Z  7051  (B7LL-4  NCTN  MU-1  7061 

(BLOCK-l  ON  TTBLC-I  705)  IBOX-I  ON  TTaC-t  7051  1106-2  n  TUBN-I  Toll 

IB06-Z  OH  TTBLC-I  NEC)  ri71N  SCGHNI 

Z  ZB  IIMI  lElT  IS  ’  IM75  15  TIC  606  THTT  IS  NOT  ora  ’ 


OBJ-t  TWO  64-1  601-1  lOI-Z  . . . 

765065676  OBJ-I  61-1  can  6CD  NEC 
OBZ-I  657565  IO<-Z 

650.7  IITIC  IM-  ICO  606  IS  n  nc  650  TLOn  7ND  NOT  ON  nc  650  TTBLCII 
line  B16LL  650  OTLL  IS  IN  17)1  IITIC  LT6GI  GNCEN  B7LL  IS  IN  1711 


NUN  Tire  Z  niN.  17.3  see 

CXTI)  TNT  7165  unrCT  5/7  5/T  7/7 

ZB5I  711  4SZ  IlM  6.31  4.61  1.57 

B.NS52  6.2ZI  6. 141  1.126  SCC  TWO 

162  INSCNTS  564  05L5TCS  IBS  lOITNINeS  14  N5U  0BJCCT5 

rwx  iSr^x  leucth  ioz 

COTE  17655. EULIi  14326  .  13661  US50  I34S2  .  4S2l 

■  ACTS  SAucoa  luosED  iniLii  .  oasii  iclosco  inilsi  .  tosh  lomts  inilie  .  5i»i 

6164  sr»65nTv  smciTTY  sniErvTT  snxenTT 

TIMCC 

I6IB-1 

16-1  TS7-I  CI3-I  71-1  71-2  71-3  7|-4  71-5  71-6  71-7 
61-1  TS3-I  71-1 
Sl-Z  72-1 
St-S  T4-1  C3I-I 

11-4  ’7-1  TI7-1  741-1  121-1  523-1  735-1  73S-2  715-3  715-4  735-S  715-6  713-1 
SI-5  M-t  NI6-t  B5S-I  B59-I  C32-I 
11-6  734-1  N)-l  NII-I 

11-7  Cl-1  Nl-l  NSB-l  75-1  fS-2  7S-3  7S-4  7S-S  7S-5  7S-7 
tl-B  766-1  WZ-I  N33-1  721-1  721-Z  721-1  721-4  721-S  721-6  711-2  Bl-I  115-1 
ClZ-l 

14-1  ass-z  vie-t  ot-i  oz-i  03-i  oz-z  oiz-i  04-i  vis-i  isi-i  bsi-i  xiz-i 

S6-Z  TS7-Z  C13-2  71-1  71-S  71-16  71-11  71-12  71-13  71-14 
11-1  71-2  C32-2  NtS-2  ISS-l  151-2 

14-2  155-4  VI4-I  WI4-2  VI4-3  WI4-4  WM-S  W14-6  V14-7  01-2  01-3  01-4  01-5  01-6 
01-7  01-1  OZ-1  02-4  02-5  02-6  02-7  Oll-I  011-2  03-2  03-3  03-4  03-5  03-6  011-3 
011-4  011-5  02-1  02-5  02-16  OZ-II  02-12  02-13  02-14  012-2  04-2  04-1  04-4  04-5 
D4-1  Vl$-Z  015-1  VIS-4  VIS-S  VIS-6  01-7  01-6  011-6  Olt-7  02-15  Ot-16  04-7  04-6 
V15-7  VIS-B  xll-1 
66-3  C7-I  Nl-l  N90-I 
61-16  727-1  AI9-1  AS-I 
11-11  77-2  TIS-I  TS-2 

SI-12  741-1  NZI-I  N3I-I  N4I-I  N$l-I  N5I-2  Cll-I  Cll-Z  511-1 
61-13  TI-1  012-3  NIS-I  BSl-l 
51-14  T3I-I  NI-2  NII-2 

61-15  Cl-Z  Nl-2  N9B-2  75-1  75-1  75-16  75-11  75-12  75-11  75-14 
61-16  751-1  N22-Z  N33-Z  721-7  721-1  721-6  721-16  721-11  715-1 
61-17  734-2  62-1  6)2-1 

SI-IB  CI-3  Ml -3  NM-S  75-15  75-16  75-17  75-16  75-15  75-26  75-21 
SI-IS  77-1  AlB-2  Al-I  727-1  727-2  727-1  727-4  727-5  715-2 
61-26  7S6-Z  N2I-2  N33-3  721-IZ  713-3  11-2  BI3-I  511-1  711-1  7|l-4  ll-l  lll-l 
512-1 

64-1  B53-Z  151-1  151-2  155-5  VZ-I  3l»-t 

56-4  CS-I 

SI-ZI  71-4  032-4 

SI-2Z  06-1  N6-2  N5C-I 

61-21  721-1  AI9-3  A5-3 

61-24  716-1  AlS-2  AS-4 

61-25  741-Z  N2I-1  Nll-2  N4I-2  N5I-1  WI-4  CII-3  511-4  511-2 
61-26  T3I'Z  62-2  TIt-l 

61-27  01-4  NI-4  N9(l-4  75-22  75-23  75-24  75-25  75-26  75-27  75-26  75-26 
61-21  753-2  N22-1  N33-4  721-13  721-14  721-15  721-16  721-17  721-11  715-3 
61-21  714-3  N2-1  612-2 

Sl-M  Ol-S  M|-S  NSN-5  75-16  75-11  75-32  75-33  75-34  75-35  75-36  75-37 
61-11  756-1  N22-4  N33-S  721-IS  721-26  721-21  721-22  721-23  721-24  721-25  711-6 
BI-1  113-2  5  33-2  711-2  711-6  11-2  111-2  512-2 
6I-3B  737-1  62-4  612-3 

61-31  Cl-1  NI-6  NSa-S  75-11  7S-3S  75-46  75-41  75-42  75-41  75-44  76-45 
11-14  741-1  leZ-S  N33-C  721-26  721-27  721-21  721-26  721-36  715-4 


IM  <MLL-I  MLL)  IMlL-2  BULL)  IMLL-1  MLLI  IMlL-4  BTLLI  laOCIC-l  ILOCKI 
iio<-i  loo  iio>-2  1071  i7Lan-i  7Loni  ittilc-i  ttilci 
NKTv  iMii-1  can  auc  tosi  imll-z  can  aic  tosi  imll-z  size  stmll  tosi 

IMlL-l  size  SWLL  7051  IBN.L-S  Can  650  TOSI  IBTLL-4  SIZE  LTTGC  6051 

iMiL-4  can  07ECN  tosi  laocK-i  size  lake  tosi  <am-i  can  cneen  tosi 
im-z  can  ted  neci  laon-i  can  ieo  tosi  ittile-i  can- teo  tosi 
NTSTEL  iMiL-i  m  toac-i  tosi  imll-i  icm  aocK-i  tosi  imll-z  on  aocK-i  tosi 

IMLL-l  IN  101-2  tosi  IBiN.L-4  IN  103-2  TOSI  IBM.L-4  NETN  BTLL-l  TOSI 

<aocr-t  n  r«aLC-i  tosi  <»3-i  n  ttiu-i  tosi  (IOk-z  on  n.an-i  tosi 
m-z  n  TTOE-i  NEC) 

21  tmn  75(7  15  ■  tlCIE  is  TIC  MLL  IN  nc  nn  nc  NED  tloon  twt  is  ltngc  * 
OU-I  mic  14-1  MLL-I  BALL -2  ... 

OBJ-2  AI«IC  SNI  ■»-)  101-2  ... 

oa/-3  ATcic  6I1-)  Mu-s  7ion-i  ... 

101-3  K7ET5  TLOn-l 

■ELKSTt  aOJ-2  17-1  ON  TLOn-l  TOS 

061-2  KTEIS  101-2 

KLKSTT  OSJ-I  14-1  IN  603-2  TOS 

OCI-I  Arnic  M-l  BALL-3  BALL-4  ... 

TNEOINCON  nj-1  LI4-I  SIZE  LANCE  P05 
TNEDINCn  nJ-2  LI4-I  SIZE  LANCE  TOS 
TTEONESTT  nj-l  LI4-I  SIZE  LANCE  TOS 
OlJ-l  IIE7CTS  MLL-4 

halt  line  IMGE  CNEEN  BALL  15  ICAN  TIC  MALL  KO  BALL  AND  IN  TIC  UN-  NCO  6031' 
ISA  IMLL-I  BALL)  IMLL-Z  BALD  IBALL-3  MLL)  llALL-4  MUI  laOCK-l  BLOCK) 

im-i  nil  im-z  nii  irton-i  7Loni  iticlc-i  ti«lci 
wsAv  iMLL-i  can  auc  tosi  imll-z  can  auc  tosi  hall-z  size  siitll  tosi 
IBALL-3  size  shall  tosi  IBALL-1  CUM  NCO  TOSI  lBALL-4  SIZE  LANCE  TOSI 
<MU-4  can  CNEEN  TOSI  (R0C3-)  SIZE  LANGE  TOS)  IROCK-I  can  CNEEN  TOSI 

iBoi-z  can  NED  NECI  i7Lon-i  can  neo  tosi  itaile-i  can  neo  tosi 

HASNEl  IMLL-I  ON  TARE-I  TOSI  IMLL-I  WAN  aOOC-l  TOSI  IBALL-Z  ON  ROCK-l  TOSI 
IMLL-1  IN  m-Z  TOS)  IMLL-4  IN  103-2  TOSI  IMLL-4  NEAN  BALL-1  TOSI 

iaoc3-i  n  TASLE-i  TOS)  im-i  n  tarj-i  toii  im-z  on  aon-i  thi 
iiw-z  n  taiu-i  neci 

22  IINI/I  TEIT  IS  ’  lACTC  IS  nc  MU  IN  TIC  m  ON  TIC  BED  TLOn  THAT  IS  NCO  * 
nj-l  AAOIC  14-1  MLL-I  MLL-2  ... 

nj-2  AToic  17-1  ni-i  m-z  ... 
n/-i  Anic  Nip-i  MLL-i  7Lon-i  ... 

00-3  657165  7L«)6-I 

■ELNE57N  001-2  17-1  ON  Tion-I  TOS 

MJ-2  NETETS  ni-2 

6ELIE5TN  OIJ-I  14-1  IN  103-2  T05 

on-l  ATIIC  M-l  MLL-l  MLL-4  ... 

TTEONEON  mj-1  NI4-I  can  neo  tos 
TNEMESTN  nj-i  NI4-I  can  neo  tos 

on-l  NETETS  MlL-1 

NETIT  line  LANCE  CNEEN  MLL  IS  NEAN  17)1 

line  shall  neo  MLL  is  IN  tic  im-  neo  mil 

IM  IMLL-1  BALD  IMLl-Z  MLLI  IBALl-3  BALL)  IBALL-4  BALL)  laOCK-t  aOCK) 

ini-i  mi  im-z  mi  i7ion-i  rLoni  itarc-i  tarei 
HASAv  IMLL-I  can  auc  tosi  imll-z  can  auc  tosi  iball-z  size  shall  tosi 

IMLL-S  SIZE  SMLL  TOSI  IMLL-1  CUn  NEO  T05I  <BALL-4  SUE  LATGC  TOSI 

iMLi-4  can  cneen  tosi  laax-i  size  lttge  tosi  irock-i  can  cnecn  tosi 
im-z  can  neo  neci  icLon-i  can  rd  tosi  itarc-i  can  neo  tosi 


6141 


c. 


c 


tMcantMAm  THT* 


MMKL  (■M.L-i  ON  T«flu-i  m>  mcL-i  KM  aocK-i  KBi  OM  aon-i  mi 

iM.L-3  IN  gai-2  rasi  in  aox-z  mi  ibn.l-4  wm  m.i-}  nsi 
(NLOcx-i  ON  TM.c-1  mi  lom-i  on  tmu-i  mi  im-z  on  riooN-t  mi 
tm*-2  an  rmc-i  neci 

n  INTUT  TEIT  IS  *  TICOC  IS  N  SUCK  MIL  KM  IK  GKEN  M.L  DMT  IS  NOT  IN  IK 
SOX  ON  TK  rLOON  ' 

miNC  COLON  Bincx  imi  to  okl-s 

NCOINC  BALL  BAIL-S 

OBJ-Z  oraic  CO- 1  BN.L-1  SLOCK- 1  ... 

OBJ-Z  HCrCRS  anLL-4 

AOOING  BALL-S  MM  BALL-*  <POSI 

OBJ-3  At«IC  BIS-I  BOX-1  BOX-Z  ... 

OBJ-4  RCrCRS  riOON-l 

RCLPESTR  OBJ-3  BIS-I  ON  rvOON-l  m 

OBJ-a  PCFERS  BOX-Z 

RELINCON  OBJ-Z  BS-I  IN  BOX-Z  MG 

AOOINC  BALL-S  IN  BOX-Z  IMCI 

REBLY  KOKATII 

ISA  (BALL-t  BALLI  (BALL-Z  BALLI  (BALL-3  BALLI  (BALL-X  BALLI  IBALL-S  BAILI 
(BLKK-1  BLOCKI  (BOX-1  BOXI  (BOX-Z  BOXI  (rLOOA-l  rLOCNI  (lASLC-l  lABLCI 
MASAVI  (BALL-1  CaOR  HUE  AOSI  (BALL-Z  CXOR  aiK  AOSI  (BALL-Z  SIZE  SlWLL  mi 
(OALL-3  SIZE  SHALL  AOSI  (BalL-3  Cao»  MO  mi  (BAll-X  SIZE  lAACE  mi 
(BALL-X  COLOR  GREEN  AOSI  (BALL-S  CaO*  MACK  mi  laOCK-l  SIZE  i<x«  mi 
(MOCK-I  CaOR  GREEN  mi  IBOX-Z  CaOR  REO  MCI  irLOOR-l  CaOR  (NO  mi 
(TABLE-l  COLOR  REO  mi 

HASRCL  (BALL-I  on  TABLE-I  mi  (BALL-1  MAR  aOCK-l  mi  (BALL-Z  (M  MOCK-I  mi 
(BALL-3  in  BOX-Z  mi  (BALL-X  IN  BOI-Z  mi  (BALL-X  MAR  BALL-S  AOSI 
IBALL-S  MM  BALL-X  mi  (BALL-S  IN  BOX-Z  MCI  laOCK-t  ON  TABLE-I  mi 
(BOX-1  ON  TaBLE-I  mi  (BOX-Z  ON  ALOOR-I  mi  (BOX-Z  ON  TABLE-I  MCI 

ZX  IMUT  TEXT  IS  '  TM  REO  BALL  IS  MM  TM  GREEN  BALL  * 

OBJ-I  AA«IC  RZ-I  BM.L-3  ELOOR-I  ... 

OBJ-I  REFERS  BALL-3 

OBJ-Z  AHBIC  C7-I  BALL-X  MOCK-l  ... 

OBJ-Z  REFERS  BALL-X 
RELINCON  OBJ-I  B3-I  MM  BALL-X  m 
AOOINC  BALL'S  MM  BALL-X  imi 
RERLY  ((OKATII 

ISA  (BalL-1  BALLI  (BALL-Z  BALLI  (BALL-I  BALLI  (BALL-X  BAllI  (BALL-S  BALLI 
(BLKK-I  aOCKI  IBOi-1  BOXI  (BOX-Z  BOxi  iflOOR-I  FLOORt  (FABLE-t  lABLEI 

HASAw  (ball-i  caoR  auE  mi  (bml-z  caoR  aic  mi  (ball-z  size  shall  mi 
(Ball-3  size  shall  mi  (Ball-3  caoR  reo  mi  (bacl-x  size  large  mi 
(Ball-x  color  green  mi  iball-s  caoR  aAcx  mi  laxx-i  size  larce  mi 
(axK-i  caoR  GREEN  mi  iBoi-z  caoR  mo  mci  ifloor-i  cxor  ino  mi 

(TABLE-I  CaOR  REO  mi 

HASREL  (Ball-i  gn  TAaE-i  mi  (Ball-i  mar  aocx-i  mi  (Ball-z  cn  aocx-i  mi 
(BaL-3  IN  BOX-Z  mi  (BaL-3  mar  BML-x  mi  laaL-x  in  box-z  mi 

IBALL-X  MM  BM.L-3  mi  iBALL-S  MM  BALL-X  mi  IBaL-S  IN  BOl-Z  MCI 

laKK-i  ON  tame-i  mi  ibox-i  on  Tuac-i  mi  ibox-z  on  aaoR-i  mi 

(BDX-Z  «  lABLC-l  MCI 

Z 

BUN  TIK  X  niN.  S3.B  SEC 


ETAn 

TRY 

ri*c 

mcT 

E/F 

E/T 

1/r 

SSZS 

sss 

S3* 

J9J3 

5  7Z 

1.75 

e.BBie 

B.3BX 

S.*Sd 

s.tsz 

KC  mn 

MB?  inserts  70S  OELETES  ZSS  UARNINCS  IS  MU  OBJECTS 
rxAX  iSHRx  length  1 01 

COPE  IFRtE.FU.Lli  (ZZII  .  IBZIl  USED  IXBS7  .  73SI 

■  ACTS  SALCOB  (aoSEO  (HILXS  .  D6SM  laoSEO  IHILXE  .  TRSII  lOAORS  inlLIS  .  IIRI 
RIM  SMXEMTY  SMIEHATY  SMXEMTY  SMIEMTY  SMIEMTT 

TRACE 
(XZO-1 
SB-1  CZI-I 
81-1  Tl-1  C3Z-I 

Sl-Z  CI-1  NZ-I  NSC-1  FS-I  FS-Z  FS-3  FS-X  FS-5  FS-S  FS-7  F5-B  FS-S 
SI-3  T53-1  NZZ-I  N33-I  FZI-I  FZI-Z  FZl-3  FZI-X  FZl-5  FZl-S  FZI-7  FlS-l 
81-X  T6J-I  Rl-I 
tl-S  TZ-I 
Bl-S  TX-l  G3I-I 

BI-7  T7-I  A17-1  FXl-l  BZ3-1  EZ3-1  F3S-1  ri3-l 

BX-I  BSS-I  UI7-1  V17-Z  WlB-1  UIB-Z  01-1  Ol-Z  01-3  Ol-X  01-S  OZ-I  OZ-Z  OZ-S  Oll-I 
OI,l-Z  03-1  D3-Z  03-3  011-3  011 -X  OZ-X  DZ-S  DZ-S  OZ-7  OZ-t  Ol-X  03-S  OIZ-I 
Oll-S  Oll-t  OZ-9  OZ-IO  OX-1  OX-Z  OX-3  OX-X  Dx-S  OZI-I  DZZ-I  0Z3-I  OZX-I  OZS-I 
OZS-Z  OZS-I  OZS-Z  OZS-I  OZt-Z  tZI'l 


SB-Z  CZI-Z 
Sl-B  Tl-Z  C3Z-Z 

Sl-S  Cl-Z  M-Z  NK-Z  FS-IB  rS'll  Ff-IZ  FS-II  RS-I*  RS'IB  RB-IB  rS-17  RB-IB 
SI-IB  TXI-I  NZZ-Z  N13-Z  FZI-*  FZI-B  FZl-l#  fZI-ll  FZl-IZ  FIS-Z 
ll-ll  Tll-I  RZ-I  Rll-I 

SI-IZ  Cl-J  Nl-I  N»-l  F5-IS  FS-ZS  FS-ZI  FS-ZZ  fS-Zl  FS-ZX  RS-ZS  FS-ZB  FS-Z? 
$1-13  TSl-Z  NZZ-I  N33-3  FZl-11  FZI-IX  FZl-lS  FZl-lB  FZl-17  FZl-IB  FZI-IB  FlS-1 
SI-IX  T3X-I  RZ-Z  RIZ-1 

SI-IS  Cl-x  Nl-Z  NSB-Z  FS-ZB  FS-ZB  FS-3B  FS-31  FVSZ  FS-33  FS-IX  FS-S  FS-S 
Sl-li  T7-Z  RIB-I  Al-I  FZ7-I  FZ7-r  FZ7-3  FZ7-R  FZ7-S  FZ7-B  FIS-0 
il-17  TSB-I  NZl-1  NIJ-X  FZl-S  FZt-ZI  F13-Z  Bl-I  BIB-I  EIB-I  Fil-I  FIB-l  »-l 
•13-Z  BI3-3  ES3-Z  F3I-Z  Fll-I  FIS-S 
SI-IB  TE3-Z  Rl-Z 
SI-19  Tl-I  C3Z-3 

St-ZB  rzi-l  AI7-Z  FXl-Z  BZB-I  fZI-1  BXB'I  BZB-Z  EZI-Z  BXB-Z  BZ3-Z  CZB-Z  FS-Z 
F13-X 

SX-Z  BSS-Z  Vi7-3  (/17-X  Ol-s  01-7  Ol-B  011-7  Oll-B  OZ-II  OZ-IZ  DZ-13  03-S  03-7 
03-S  DZ-IX  DIZ-2  Dll-3  Oll-IB  OX-S  OZ-16  OZ-IS  DX-7  Ox-B  OZi-Z  OZZ-Z  OZZ-3 
OZX-2  IZ2-I 
SB-3  CZI-3 
SI-21  Tl-X  C3Z-X 

SI-ZZ  Cl-S  NZ-3  NX -3  FS-37  FS-S  FS-M  FS-XO  FS-XI  FS-XZ  FS-Xl  FS-X4  FS-XS 
Sl-ZJ  TXl-Z  NZZ-X  N33-S  FZl-ZZ  FZ1-Z3  FZI-2X  FZI-ZS  FZI-»  FlS-S 
Sl-ZX  131-2  RZ-3  Rll-z 

SI-2S  Cl-S  NI-3  N3e-3  FS-xs  rS-X7  FS-4B  F5-4S  FS-SB  FS-51  FS-SZ  F5-S1  FS-SX 
Sl-28  1S3-3  MZZ-S  N33-B  fZl-Z?  FZI-ZB  FZI-ZS  FZl-S  F2I-JI  FZI-3Z  FZl-31  F15-7 
S1-Z7  TlX-Z  RZ-x  RIZ-Z 

Sl-a  Cl-7  Nl-X  ine-x  F5-SS  FS-SS  FS-S?  FS-M  FS-SS  FS-SB  FS-Sl  Fj-sz  FS-S3 
S1-Z3  17-3  013-2  Al-Z  FZ7-7  FZ7-B  FZ7-S  FZZ-IB  FZ7-11  FZ7-IZ  F|5-S 
Sl-30  TSO-Z  NZl-Z  N33-7  F21-3X  FZl-R  F13-5  Bl-2  B13-X  ES-l  Fll-X  Fll-S  Bl-Z 
B13-S  813-S  t33-x  Fll-5  F3I-S  FIS-S 
SI-11  IU-1  Rl-3 
Sl-lZ  Tl-5  C3Z-S 

si-n  T7-X  A17-3  FX<-1  BZS-I  tZZ-1  BXl-l  BxS-l  BXl-1  EZ3-3  F3S-1  fl3-7 
SX-3  BS3-I  BSS-3  UI7-S  v|g-3  Dl-3  01-10  Dl-il  Dll-ll  Oll-IZ  OZ-17  OZ-IB  OZ-19 
03-3  D3-IB  03-11  D2-Z0  DlZ-3  OX-S  011-13  OM-IX  DZ-ZI  DZ-ZZ  OX-IB  DX-il  OZS-1 
DZS-3  On-3  OZI-3  OZZ-X  OZX-3  Bl-I  I23-I 
SB-X  CS-I 
$I-3X  Tl-S  C3Z-S 
SI-3S  CS-1  N6-I  NX-X 
Sl-36  TlB-1  AlS-3  AS-I 
SI-37  IXt-3  MZl-3  H3)-l  NXl-1  NSI-1  Ell-I  tlS-l 
SI -39  T37-)  RZ-S  »J)-3 

SI -33  Cl -3  Nl-S  N9B-5  FS-BX  FS-SB  FS-BB  FS-S?  FS-S  FS-BS  FS*7B  FS-71  FS-7Z 

SI-4A  ri»-l  AlO-X  AI-3  FZ7-I1  FZ7-IX  FZ7-I5  rZ7-IS  FZ7-IF  FZ7-1B  FZ7-IS  FIS-IB 

Sl-Xl  IXI-1  NZl-x  N33-3  rzi-s  FI3-B  BI-1  Bll-1  ElZ-l 

Sl-xz  IS3-X  Rl-x 

S1-X3  1Z-Z 

Sl-xx  I1-Z  Cll-Z 

SI-X5  I3I-3  Rl-I  Rll-X 

SI-XS  CI-3  Nl-B  N98-B  F5-73  FS-7X  FB-75  FB-7B  FB-77  FS-7B  FS-7S  FS-BB  FS-Bl 
SI-X.7  IS3-X  NZZ-6  N13-9  FZI-37  FZl-S  FZl-M  FZI-XB  FZI-XI  FZl-XZ  FZI-XS  FlS-li 
S1-X3  I3X-3  R2-B  RlZ-3 

$I-X9  CI-10  NI-7  N30-7  FS-BZ  FS-Bl  FS-BX  FS-BS  FS-BB  FS-B7  FS-BB  FS-W  FS-90 
Bl-SR  ISO-3  N:Z-7  N33-1(I  rzi-XX  FZl-XS  FZI-Xfc  FZI-X?  FZl-XB  FZI-XS  FZl-SB  FZl-l 
Fli-9  BI  X  313-7  tn-S  F3I-7  FII-IO  83-3  BIB-t  tll-l  BJ9-I  Bll-Z  EI2-2  j 
3X-X  B5S-X  BSI-Z  eS3-Z  BS3-I  «Z*-I  KZX-I  ! 

SB-5  C-1  NZ-X  N»-l  rs-91  F5-9Z  FS-Sl  FS-9X  FS-BB  FS-B  FS-S?  FS-98  FS-99  | 

FS-lOO 

$1-51  T7-S  AlO-S  AI-X  FZ7-Z3  FZ7-ZI  FZ7-ZZ  FZ7-ZI  FZ7-ZX  FZ7-ZS  FZ7-ZS  FI5-1Z 
SI-SZ  TXi-5  NZl-S  N33  11  FZI-SZ  FZI-S3  FI3-II 

SI-S3  TI-7  NIS-l  0S5-S  8S9-I  C3Z-7  j 

Sl-SX  T37-Z  R|-z  t|l-S  j 

BI-S5  Cl-ll  Nl-B  N»-B  F5-10I  FS-IK  FS-IBl  FS-IBX  FS-IB  FS-IB  F$-IB7  FS-lM 
F5-I09  FS-HA 

BI-SS  Tie-Z  AI9-B  Al-i  Fr7-Z7  FZ7-ZB  FZ7-Z9  FZ7-3B  FZ7-31  FZI^lZ  FZ7-»  F27-BB 

ris-13 

SI-57  IXI-S  NZl-S  N11-IZ  FZI-SX  ril-IZ  Bl-S  tIB-Z  tll-Z  m-l  ElZ-l 
Bx-s  BS-S  BI-1  B3-X  VZ-II 

FIKO  IIZ  OUT  cr  IBX  RRODS  * 


FIFTH  KCICNT  TAIL  END 

ZS  INRI/I  TttT  IS  ’  IS  TM  BML  MM  TM  GREEN  BML  IN  TK  BOl  THAT  It  NOT  ON  1 
RED  i«ac  aoc*  • 

OBJ-I  AtBIC  Bi-I  BALL-l  BALL-Z  ... 

OSJ-Z  oreiG  CS-I  BAIL-X  aOCK-l  ... 

BBJ-Z  REFERS  BtLL-X 


C 


Vl-M 


kMMAtSM 


TtMSt  r«i  MU  M  lltTt 


c 


HCLiCSTII  laj-l  M-l  IKM  K«.L-«  ns 

OU-I  MIC  n-l  aM.L-3  SUL'S  ... 

OBJ'S  MIC  CIO-I  BOX-I  101-2  ■ . . 

OBJ-4  MIC  RIG-1  8M.L-3  rLOOR-t  ... 

aBj-4  RcrcRS  loaic-i 

RCLRESTR  OBJ-3  BID-I  ON  TdSLC-l  NEC 

OBJ-3  RCrCRS  8ax-2 

RELREOtM  OaJ'2  B7-I  IN  BOX-2  ROS 

RCLRCSTR  QBJ-I  B7-I  IN  BOX-2  ROS 

OBJ' I  RCRERS  BM.L-3 

RCRLV  UNO  INFORnRTION  ON  COLOR  BLRCXII 

ISN  IBRLL-I  BULL)  IBM.L-2  BULL)  IBRLL-S  BN.LI  <BIILL-4  BN-LI  (BM.L-S  B«IL> 
(BLOCX-I  BLOCK)  IBOX-I  BOX)  IBOX-2  BOX)  IRLODR-l  FLOOR)  tlFOLC-l  TMLCI 

MNSRW  IBRLL'l  COLOR  BLUE  ROSI  (BN.L-2  CaOR  KUC  ROS)  (BN.L-2  $t2E  P«LL  ROS) 
(BRLL-3  SI2C  SmiL  ROS)  IBRLL-S  CaOR  RED  ROSI  IBN.L-4  SI2E  l«RCE  ROSI 
fB«LL-4  C&QR  GREEN  ROSI  IBRLL-S  COLOR  BLOCK  ROSI  l&OCK-l  SI2C  LRRCE  ROSI 
(SLOCK-t  CaCR  CREEN  ROSI  IBOX-2  CaOR  REO  NEC)  IFIOOR-I  caOR  RED  ROSI 
ITRBLE-I  caop  RED  ROSI 

HRSREL  <BRLL-t  ON  TRMC-I  ROS)  (BOLL-I  NEOR  aOCK-l  ROSI  IBOLl-E  ON  BLOCK-)  ROS) 
(BOLL'S  IN  BOX-2  ROSI  IBOLL-3  NERR  BOLL-4  ROSI  (BOLL-4  IN  BOI-2  ROSI 
(BOLL-4  NEOR  BMLL-3  ROSI  (BOLL-S  NEOR  BOLL'4  ROSI  (BOLL-S  IN  BOX-2  NEC! 
(BLOCK-)  ON  TOBLE-I  ROSI  IBOX-1  ON  TOBLE-I  ROSI  (Bax-2  ON  FLOOR-)  ROSI 
(BOX-2  ON  TOBLC-I  NEC) 

2 


RVM  TtIC  I  fllN.  1.75  SEC 


EXAfI 

T»T 

rm 

ItWCT 

€/r 

C/T 

r/r 

949 

173 

405 

5.19 

1.62 

9.0651 

9.ZZ9 

•  957 

0.127 

SEC  MIC 

2aS  INSERTS  136  OCLETCS  34  UORNINCS  IS  NEH  OBJECTS 
IWX  isrvi  LENCTW  aa 

CORE  (FREE.FULl)'  (S67S  .  ISSRI  USED  (|43Z  .  1961 

lOCTS  SNUEOB  (aOSCO  (KILSBB  .  OBSII  (aoSED  (I1ILSS  .  TRSD  RW  SIBIKIBTY 

TBoa 

(K2S-) 

SB-)  T)-l  CIS-I  C32-1 

SI-)  «-)  N8-I  NSC-i  FS-I  F$-2  FS-3  FS-4  FS-S  FS-6  F$-7  FS-B  FS-9  FS-)B 
S)-2  T4)-)  WE-)  N33-I  F2I-I  F2I-2  F2I-3  F2I-4  F2I-S  FIS-I 
•  '.1-3  T37-I  R2-1  RII-) 

SI-4  0-2  Nl-I  N9B-I  rs-ll  FS-12  FS-13  FS-14  FS-IS  FS-IS  FS-17  FS-IB  FS-19  FS-» 
Bl-S  T(B-|  RI9-I  Rl-I  F27-)  Fr7-2  F27-3  F27-4  F27-S  F27-S  F27-7  F27-B  FIS-2 
Sl-B  T4|'2  N2I-I  103-2  FEI-S  F|3-)  Bl-I  BI3-I  BI3-2  EH-I  F3I-I  F3I'2  F3I-3 
RIB-9 

SI-7  T3l-(  R2-2  RI2-I 

Sl-B  CI-3  NI-2  N9R-2  FS-21  FS-22  FS-23  FS-24  FS-2S  FS-26  FS-27  FS-23  F3-29  FS-3R 
tl-3  T5J-I  N22-2  N33-3  F2I-7  F2I-B  F2I-9  F2l-ie  F2I-II  F2I-I2  F2I-11  F2I-I4 
riS-4 

si-ia  T63-I  Rl-I 
SI-11  T2-1 
SI-12  T4-1  C3I-1 
SI-13  T34-i  Rl-I  RII-2 

Sl-14  Cl-4  Nl-3  N9B-3  FS-31  FS-32  FS-3I  FS-34  F5-3S  F5-3B  F$-37  F5-3B  F5-39 
FS-4e 

SI-15  T7-I  RI9-2  RI-2  F27-9  F27-IB  F27-II  F27-12  F27-I3  F27-I4  F27-IS  FIS-S 
Sl-16  T47-1  N21-Z  N33-4  F21-IS  FZI-IS  r(3-2  B(-2  BI3-3  E33-2  FJl-4  FI3-3  Bi-I 
115-1  ES2-I  B3I-I  B34-1  E3S-3  F31-S  F13-4 
SI-17  TlB-1  «)4-l 

S4-I  BSI-I  B53-I  BS3-2  BSS-I  V4B-I  V37-I) 

FIRED  S5  OUT  or  194  RROOS 


IB^i.B.  KuiUBJKLiBJlLiaLiaiZ 

NSWRT  ITWTt  -T 

TOR  inn  ASSnT  (TCSTt  (OUBTt  Til 
mnTINOITItTBT)  K2/ 

197.  Kl-I 
IBIMBITISTBTI 

INSERT  mo  (tOMR  IN  II- II  (ttMTENCE  9- II SNONMRI II- 11 BNONIMK  as- 11 
niItT  EINBlIEBOll  It  ON  TIE  TOMIKUrTCF  ll-l  *1-1)1100*1-11 

airier  *  I- 1 12- 1)  aaai.ui  be-  d  aiFier  at- 1  at-  ii  a«BN.L  bb-  ii 
aiTTer  B3.i  i<-i)(iois  K-iiaiFTOF  it-i  es-i) SOON 09-1) 
airier  os-i  t6-i)(iqt«  it- 1)  airier  tb-i  T7-i)aoT*au  ir-ii 
airier  TT-iil-i)  tr/se/ 

ISO  90-2  tCAHlI* 

utiNi»(9CM»iNii-i)aN0u*Mii-iiairTeru-i  *i-i) 

(TIKI  2  (*  BUR  BMl  IS  ON  lit  UMLIW 

TRACINO 

2  IIRin  TINT  It'OBLIRBWl  19  00110  T*SLI  ' 


INBItr  INO  (SCAN  A I  - 1)  (SCAI*  IN  A 1 . 1)  (NOT  ISCAIR  IHlI-lUaRACIMBT)  OSIBB 
1901U1MT4l/139131l2l127r2«1 191 12/0100111011/091*1202  IOBat/12l13*A7T*«1B70r 


l».  07-2  •AINU" 

IBINC  (SCAN  A I .  I)  (tOA  A  I- 1)  IStNIIME  9- 1) 

iNSiir  iNO(iNMro(rAi.i>(crvri09-i)  (cso  9- 1)  IweaHS  *  i- 1  *> 

(NOT  (SCAN  A  I.)))  (NOT  ItQA  A  I- III  laSNtN*/ 

l*a  N9-2  'INDlr  Oil* 

UOINOdIMrOCr  Al-ll 

INOIRTINO  (IROCin  A  I- 1)  (DlltllN  A|.|)  (CUROBi  OBJ-t  MAKB  (lOUBa  OBJ- II 
N9D/ 

191.  NMI-2  IT  (MAIN* 

UOINOMKXHI  *|.  I)  airier  l|. I  AI.IXtNOMAKlI-l) 

nattllNOINOI  (IROCW  Al-D)  N0*AieVI2VI«9l«rS9N9Aai*IN93B*aB«2B0aB9IBIBI9 
VI9VI7VICRI2tll*INIR)*r9ir«IMIS)r2M*0IMIM2M9NI9m9aK*9*/9l/ 

192.  91-9  'SCANeN* 

USING (sCAiRiNAi.i) airier  Ai.it3-i) 

INUI1  INC  (SCAN  92-1)  (SCAIR  IN  92- 1)  (NOT  (tCAIR  IN  *  l-IU  1*r/t97T«*0t/Br 

031631*0133140141  A9919T13I12T1241 191 19/ 

193.  KS-i  lAoceieu' 

USING  (SCAN  62- 1)  aoeiul  02- 1) 

iNsitUNCdSARw  B2-I  cciMei.uii(we*ecaB2-i  aiuU9Wi|9c*NBt-in 
iNeTng9i(a92-ii)  aitaiaai*/ 

It*.  A 19-3  'AVCt* 

(BING dSAvw  92- 1  csieaaiui) airier  *|.|  a2-i)(0tr9IIH*i-i| 

INSEtlINO  lltAV  92-1  COie*  tl.UI  ROS)  (HOI  lltAVW  91-1  OtlOi  BLUED  *19*9/ 

199  **-*  'AVItW 

utiNCdSAvtx-i  ct(o*9iui  res) (cuNoj OBI- 1  MAIN) (itiimr  taj-i) 
iNs(*ii*c(>(iRAvo(u-i  cneaoim  RooiiaoAv 92-11  N*i»iMir*iiM*etiai«Bi/ 

l*a  91-10  'SCAN ON* 

USING  (tCAW IN 92-1)  airier  92- 193- II  _ 

INtlllINC  (SCAN  93  I)  ISCAV  IN  93- 1)  (NOT  ItCANT  IN  92-  III  1719*/IIIIMat  I 

121*0*1 1/1 IOCI/0  IOC  7C2 /I  *41371*7/1 13031*3 1*01931901*1/ 

1*7  141-1  MACNCI/III' 

usiNoiscANtx  iiaeoAii  *3-11 

INtlll  INO I  INIOlXnr  *3  - 1  *A(  1 1  OMROIO  03- 1  OALLI  Ml  IBCAN  09- IN 
(*eT|IO*4lie3-l)l  N22NOt/NOt/OI3N2l/ 


1*0  *21-3  ’MOr 

IBINOIIWOIRRNU-I  tAlliairier  92- 1  03-l)(lt«VBt-l  COLO*  BLUE  ROBI 

NaEsriNOdtNauitj-iBAiiKNeriiaMMiwas-iaAiLD  *1*103*31/ 

IB*.  N3I-*  n  iwcr' 

utiNO  iitNciM  *3  I  RAiii  loureoi  eoi- 1  MAiioimiNon  obi-ii 

na(*iiNC(uA(isAe3-i  *411  obj-i  uAiia((it*iR  obr-i  oo-ii 

IN*i|CUNajeBj.iuAiN)i(NRi(itiiMreB».ii)  n*i/ 

*  ITB  Htl-I  ‘19*9*11* 

UBINO  P4MIIS*  93-1  9A11  003-1  NMIIB 

*l-ft 


MTAflO  fMa  m  MAM  TCf  Tt 


0. 


MOTiM0(A00AVML.i««i.ini«A««ii.i«Aiu<aM4Mii.«iuAm  wwirMdMM 

weMML.i  »M.L.i)aaMCPe«iL.in.i)9K«c«it4iiL.n  ttumjf  am*  i  mn$  umf  PMf  im»t  mm§J  §0u^  i  mtm 

(IIOT(IIMI|SA03.ieAllOB^IMA|im  Ntl/  MP/NM/ 


171.  mt^  *AooA«ir 

UPINO  (AOOAV  BAll.l  OPJ-1)  fNCWAV  0A».|  OOLOtaUC  ^ 
iNKtTIfM  (HASAV  COLW  aUl  »0t)(ll0T  (l«0*V  VILI-I  OPJ-in 

(NDT(iK«AVQ8j.i  oaoaamm))  piioiamfiM4ti«nKMivtfiit/ 

ITt,  Cl  1-4  ntACCAV* 

utnn  (HASAV  ML-i  oaea  aui  Mti 

tkacim 

A0OIM6  ceiop  am  (7p»  to  omi-  t 


WMmiUC  CT)  MaAOV  VWDCO  TRACIM8 
iNOCtTlNOITIACIMOt)  CIt/ 

>73.  ClS-3  *T«Aa  ISA' 

USIMC  (ISA  BAiL- 1  BAIL) 

TIACIMB 

AOOIIIB  BALL  BaL-l 


WAmiM6(r)aaAotiMDnrMciM3 

iNSmriMGCTAACIWG  T)  F  V  I04V10V 17V I9B33B  IMASSlV !?« iABiVSmSAfSiATNSSBtaSS 
«l»nAimB?4rsiF4IMlSV2MJB34BSJB?MI«l«IVlSmMflM2MII«97va7V31V30Bt7I«fl 
BIISIR3CBGX4SI/ 

174.  Sl‘t|  *BCANO«r 
USIWQ(SCA«AINB7-I)  Afrror  B3-t  14-1) 

IMSC0T1N6  (SCAN  14.1)  (SCANT  IK  14.1)  (NOT  (KMfflNSS  I))  T  IST24r2n9tTS7 
TBBT90TftJT60TA3CST  I3T4T/TS7T4463/6TGI06I/T  lOT  1/ 

179.  71-7  ‘TACCOA' 

UBtNO(SCAN  14.|)(E0tS  I4.|)  ACTTOT  14.)  09-1) 

INSCBTlNOdSCOA  14.1  AOS)  (WOOOCQ  14.)  !« (NOT  (SCAN  14. 1)) (NOT  (COIf  |4.|}) 

A 1 7C  IB/0 1 76  ION  IflPTKN  19/ 

I7B.  NI9*J  laBOC* 
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(31  letting  CO  OF  ATPAAIO-I 
AOOING  ATAaXIO-I  ON  TACLE-I  (A05I 
C-3  SUCUEOS 
C-2  SUCCEEDS 
C-l  SUCCEEDS 

FTMID  AECION  CIEABIOA  CLKK-S 
COAL  C-S  AUT  CLDCK-I  (4AC  S4A  4MI 
.  goal  C-7  CAASA  CLOCK-I 
.  .  GOAL  C-C  aEMIOFf  CLOCK-I 
C-C  SUCCEEDS 

(41  rOUINC  M4N0  TAOn  (CSC  SCI  IMI  TO  (ISC  ISC  IMI 
(SI  CaaSAINC  CLDCK-i 
c-7  SUCCEEDS 

(Cl  LIFTING  aOCK-l  FAOA  (IM  IM  Cl  TO  (4M  S4C  4MI 
(71  LETTING  CO  or  BLDCK-I 
AOOING  CLOCK-I  CM  BLKK-S  (AOSI 

iwdNC  STACK  srACK-4  KocK-i  aocK-s 

G-C  SUCCEEDS 
CT  SUCaEOS 

2 

KALT  (I  lOKATII 


4«HI 

UBS  SMI  **ciLan 


ASCBCIK  >OCCUC  AT  iCTOECm 
NIL 


ITI-I  $C-I  C44-I 

SI-1  Cl-I  W-l  N9-I  NSE-l  NIC-1  rc-l  FC-2  FS-i  FS-4  FS-S  FS-B  FS-7  FC-B  FS-S 
FS-IC  FS-II 

!l-2  T27-I  A19-I  Al-I  F27-I  727-2  F27-3  F27-4  F27-B  F27-B  F2F-7  F27-B  FIS-1 
$1-3  T7-1  Ais-I  AI-2  F27-S  riS-2 
CI-4  T44-I  N2I-I  N33-I  F2|.|  FI3-I 
Sl-S  T34-I  t2-l  AI2-1 

$I-C  CI-2  Nl-I  ie-2  NSC-l  NIC-2  F$-I2  FS-li  FS*|4  FS-IS  FC-IB  FS-17  FS-IB  FS-IS 
FS-2C  F5-2I  FS-22 

$1-7  T13-I  At9-2  Al-3  F27-IC  727-11  727-12  F27-IB  F27-I4  F27-IS  F27*IB  727-17 
F27-IC  FIS-3 

SI-#  T44-2  lCl-2  1(33-2  721-2  713-2  il-l  BlCI-1  iIB-1  Ell-l  Wl-I 
$4-1  CSS-I  BSl-l  "71-1  "02-1  "C9-I 

ie3-l  U24-I  U3-I  Ull-I  as4-l  OCI-I  CC4-|  «4I4-|  CS4C-I  BS4C-2  aB«-3  BS2-I  GCS-I 
S6S-2  OGS-I  0G7-I  089-1  BC2-2  OU-3  BBS-4  BS7-2  BCB-I  071-1  072-t  B73-I  07B-I 
NI2-I  031-1  04$-! 

W-l  MA-I  04G-I  Ol-I  047-1 

NC-2  032-1  02-1  06-1  023-1  Oll-I  013-1  BZS-I  B7-I  B4B-I  tl2-l 

HCS-I  UO-3  W-2  UC-4  OSI-I  0S7-I  OTC-I 

M2S-I  031-2  045-2 

W-3  t»-S  046-2  01-2  047-2 

NC-C  BK-2  02-2  06-2  029-2  07-2  049-2  CI2-2  027-1  017-1  BICK-1 
NCS-2  »T-1  VSZ-I  W52A-I  M-I  BS3-II 


CLEARIOA  (BLKK-n  (BlOCK-41  (Ataaaio-ii  (ArA(»i|0-21  (ATAaaiO-Si 
HASAW  (BLOCK-I  COLOA  AEO  AOSI  (BLOCK-I  SIZE  91ALL  AOSI  <8L0CK-2  COLOA  GAECN  70SI 
IBLaCK-2  SIZE  LAACf  AOSI  (BLOCK-3  CaOA  CEO  POSl  IOlKK-3  SIZE  lACCC  AOSI 
(BLOCK-4  CaOA  GAfEN  AOSI  'BLOC*  -4  SIZE  LAAGC  AOSI  (8L0CK-S  COLON  BLIX  AOSI 
(BLOCK-S  SIZE  lAPGE  AOSI  (AtAWIIO-I  COLOA  CAEEN  AOSI 
(ATPAfllO-l  SIZE  SHALL  AOSI  (PrAAf(ID-2  CaOA  BLUE  AOSI 
(ATAAnlD-Z  SIZE  lAACC  AOSI  (ArAAf(|0-3  COLOA  AEO  AOSI 
(ATAArilO-3  SIZE  SHALL  AOSI 

HASAEL  (BLOCK-I  ON  BLOCK-S  AOSI  (BLOCK-Z  ON  TACLE-I  AOSI 

IBLOCK-3  ON  TacLE-I  AOSI  iBLKK-4  (M  aKr-3  AOSI  IBLOCK-S  ON  TABLE-I  AOSI 
(BOA-1  ON  TABLE-I  AOSI  lATAwlO-l  ON  TACLE-I  AOSI  (ATAAHID-Z  INBOA-I  AOSI 
IATAAHIO-3  on  BLKi-2  AOS’ 

MNSSIZE  (BLKK-I  I(IC  IM  IMI  IBLKK-2  2M  2M  2MI  IBLOCK-3  2M  3W  3WI 
(CLKK-4  2M  ZAO  2MI  IBLKK'-S  3M  IM  4MI  'BOA-I  CM  SM  1 1 
(ATAAHIO-I  IM  IM  IMI  (ATPAn|0-2  3M  2M  2MI  (AtAAnlO-3  IM  IM  24CI 
(TAOLC-I  I2M  I2M  Ai 

INSTaCK  (BLOCK' I  staCK-ki  i|IL0CK-2  STack-21  IKOCK-3  STACK-I I  l&00(-4  STNCX-II 
(BLOCK-S  STaCi  -41  iArAwilD-3  STaci;-2i 
ISA  (BLOCK-I  BLOCKi  IBLKK-Z  CLOCKI  (BLKK-3  CLOCKI  (aOCK-4  CLOCKI 
(CLOCK-S  CLOCKI  (BOA-1  coil  (MNO-t  MWO(  (AIAARIO-I  AtCAHIOI 
4ATAAHID-2  A»A««1|0I  (A1A<»1I0-3  ATAaHIOI  (TACLE-I  lACLEI 
LOCltT  (CLOCK-I  4(«  S4C  4mi  IROCK-Z  4M  •  Al  iBLOCK-S  C  3M  C> 

(R.OCK-4  C  24(1  3Ani  (CLKK-S  3M  S40  Al  (CO>-l  SOA  CM  Cl  (HWR-l  4CC  CSC  CMI 

(ataahio-i  SM  4SI  Cl  iAtAAnio-2  S4e  t4c  ii  (atnahio-z  $m  im  zmi 

(TABLE-I  C  C  Bi 


2  IICUT  TEIT  IS  ’  It4>r  IS  CCLIM  TIC  VONJ.  KO  ROO:  * 

OBJ-2  AMIG  SS-I  RKK-I  ATAAIIID-I  ... 

OCJ-2  AMIC  AS-I  RKA-I  AIWNIID-S  ... 

OBJ-2  NE7EAS  RKK-I 

NELNESTA  OBJ-l  HI -I  RLI3(  RKK-I  AOS 

OBJ-l  AMIC  Hl-I  RKK-2  ROCK-1  ... 

2 

aCALT  II  ITIC  lOAII  (2  (THE  TAREII  13  ITW  LANGE  GNEEN  ROCKI) 

14  ITIC  LAACE  AID  ROCKM  IS  ITIC  lANU  CAEEN  RKKII 

15  (TIC  LAACE  RK  RflCKII  (7  (TIC  SIWLL  GNEEN  ATANHIOII 
IS  (TIC  LANGE  RUE  ATAAAIIDII  (S  (TIC  SMCl  BEB  ArNAniDII 


aCANTIA  IRKK-II  (RKK-41  IAT«I«4|D-II  IATAAHIO-21  (AT1NNIID-SI 
msm/  (ROCK-1  CRON  ACO  AOSI  (RKK-I  SIZE  SHALL  AOS)  IROCK-Z  COLON  GNEEN  AOS' 
■  RKK-Z  SIZE  LANCE  AOSI  IRKK-3  CaGN  NED  AOSI  IRKK-3  SIZE  LMKC  AOSI 
iRKK-4  CRON  GACEN  AOSI  IRRK-4  SIZE  LANCE  AOSI  IROCX-S  CRON  RUE  AOSI 
iRRK-5  SIZE  lAAGE  AOS)  IAiAahiO-I  CROA  GAEEN  AOSI 
lATAunlD-l  SIZE  SHALL  AOSI  lATAATIIO-Z  CRON  RUE  AOSI 
IAtMWID-Z  size  lance  AOSI  IATAAHID-3  cron  bed  AOSI 
iArNAniD-3  SIZE  snci  adsi 

NASAEL  IRKK-I  ON  RKK-S  AOSI  IROCK-Z  ON  TARt-t  AOSI 
IRaCK-3  ON  TARE-I  AOSI  iRKK-4  ON  RKK-3  AOSI  IROCK-S  ON  TARE-I  AOSI 
IBOI-i  m  TARE-I  AOSI  lATNAHIO-l  ON  TARE-I  AOSI  lATBAHIfr-Z  IN  BOI-I  AOSI 


VI-IM 


nMenmwMnsn 


IPTMI1ID-3  OH  aocK-z  m> 

MWSIK  (aOCK-l  IW  IW  IM)  (■.OCK-Z  ZM  ZW  ZW)  IIL(n-3  ZM  IN  Ml 
(«.aCK-«  ZN  ZM  ZWI  IB.KK-S  M  IW  Ml  IXn-l  CW  CM  II 
irmmio-i  IM  IW  iwi  irminio-z  M  zw  zwi  ifminic-i  iw  iw  zwi 

(TMLI-I  IZW  IZM  Cl 

iNSTccK  (■.ocK-i  STICK-41  iKocK-z  sTucK-zi  iaocx-1  STacK-t I  iaaat-4  STMx-ii 
laoCK-s  STicr-4)  iCTMinio-3  stkcx-Z) 

ICC  laocK-i  aocKi  laocr-z  aocKi  laocK-s  aocKi  iaacK-4  am 
laiXK-s  aocTi  icok-i  axi  immo-i  nmoi  icimnin-i  cnwiioi 
ictmwiio-z  ciwnioi  icimnio-s  cnmiioi  (i«ac-i  tmlci 
LKMT  laocK-i  4w  S4«  4WI  laocK-z  4w  •  Cl  laocK-s  •  m  •> 

(aacK-4  •  Z4«  Ml  laocK-s  m  S4«  m  im-i  cm  sw  «i  imm»-i  4w  cm  cmi 

ICTMWIID-l  WC  4SI  Cl  ICT1M1II>-Z  ■4C  S4«  II  ICTWnlO-3  SM  IW  ZWI 
itmlc  I  •  •  Cl 


nmtmc  locas  ct  iCTtutm 

NIL 


TWCI 

irz-i  s*-z  TS7-I  CI3-I  ri-i  n-z  ri-3  ri-4  n-s  ri-c  ri-?  ri-«  ri-s  ri-it  fi-ii 
Sl-S  11-1  C3Z-I  NIS-I  css-i 
SI-IC  TW-I  Nl-I  cii-i 

ci-ii  ci-3  Ni-z  Ns-3  NW-z  Nic-J  rs-Z3  rs-Z4  rs-zs  rs-zs  rs-z?  rs-zc  rs-zs  rs-ic 
rs-3i  rs-iz  f5-3i 

si-iz  TZ7-Z  III8-3  «i-4  rz7-is  rz7-zc  rz7-zi  rzz-zz  rz7-z3  rz7-Z4  rz7-z5  rz7-zc 

715-4 

11-13  T7-Z  CIS-Z  *1-5  rZ7-Z7  715-S 

CI-14  144-3  ICI-3  N33-3  7ZI-3  713-3  Sl-Z  CIIC-I  rw-l  7SC-Z  7tS-S  7K-4  7tl-S 
7SS-i  7M-7  716-1  7U-S  SI3I-I  IISI-Z  SI3I-I  (131-4  (I3I-S  1131-1  1131-7 
llSI-1  1131-1  C33-I  733-1  7i:C-l  73ZC-Z  riS-S 
K-Z  1S3-Z  ISS-Z  VI4-I  VI4-Z  VI4-3  WM-4  V14-S  V|4-(  UI4-7  W4-1  WI4-S  Ol-I  ll-Z 
01-3  01-4  Ol-S  01-1  01-7  01-1  Ol-S  Dll-I  Oll-Z  011-3  011-4  Oll-S  Olt-t  011-7 
DZ-I  DZ-Z  OZ-3  OZ-4  OZ-S  OZ-C  03-7  OZ-1  OZ-1  Ol-I  03-Z  01-3  01-4  Ol-S  Oi-C 
03-7  03-1  03-1  OZ-IO  OZ-ll  04-1  04-Z  VIS-1  VIS-Z  Oll-l  Oll-S  011-11  Oll-ll 
OII-IZ  011-13  011-14  OZ-IZ  OZ-13  OZ-14  OZ-IS  OZ-IS  OZ-17  OZ-ll  04-1  04-4  04-S 
04-1  04-7  04-1  04-1  VIS-3  VIS-4  VIS-S  VIS-S  VIS-7  VIS-1  VIS-S  ISI-ZI 


3  imn  TEI1  IS  *  7U1  TIC  citcN  aocx  to  tic  iicmi  or  tic  l«k£  ko  aooc  n 

TIC  1Q«  * 

013-1  *Mic  C3-I  axK-z  aocK-4  ... 

oai-i  araic  14-1  aKK-z  aKK-4  ... 

ooj-z  «Mic  Lio-1  aaii-z  awK-i  ... 

oiJ-z  »ifr*s  aocr-3 

m»tsi*  ou-i  14-1  TONicHToz  aocK-s  tos 

ooj-i  *77(75  aocr-z 

aai-3  XTCTs  ax-i 

WLINCON  MJ-Z  lIZ-l  IN  1D>-I  70S 
ICLINCON  MJ-I  IIZ-I  IN  lOI-l  705 
aiTIN  STMTS  UITH  MTON 
STMTINC  CT  TUTON  aK7-Z  ONTO  RK-I 

eoa  c-i  ai*M77  aax-z 


.  Eoa  c-z  aiiiDor  cthwiio-s 

ajCCTINC  IS49  114  11 

lORINC  *T  (541  zw  11 

ZOUNO  KCION  I  ZOO  zw  «l  TO  (M  4SI  11 

.  .  soa  c-3  TUT  7T7IVII0-3  IZW  zn  ii 

.  .  .  COM.  C-4  OTHST  TTTMIIO-S 
....  COM.  C-S  aE«*077  7TMIII0-3 
C-S  SUCCCCDS 

111  ICVINC  HMO  7*01  I4S1  (W  Ml  ID  (M  t«  4WI 
(II  GN7S7INC  TTWnlO-i 
C-4  succnos 

IZI  II7TIIC  7i**nt0-3  7*01  IM  IW  ZWI  to  (ZW  Zll  11 

IWINC  7T*«nlO-3  7101  STICK-Z 

STICK-Z  DISnUNIKO 

111  LC11INC  CO  C7  7TCIVII0-3 

TOOINC  TlTonlO-Z  CN  TMLE-I  17011 

C-1  succtcos 
c-z  succtcos 
c-i  succtcos 

LOOKINC  *T  I9SI  leiz  II 
7000  KCIOI  I94(<  ••(•  II  TO  IIZW  IZW  II 
COM.  C-S  7U1  aau-z  isro  wi  u 
.  cos.  c-7  c**s7  aocK-z 
.  .  COM.  c-i  a(«*07r  aocK-z 
C-l  SUCCCCDS 

(4)  lOVINC  HMO  7701  IZSl  zn  Z41I  TO  IM  IW  ZWI 
(SI  CThsi'INC  aKK-Z 
C-7  SUCCCCDS 

Id  LI7TINC  aOCK-Z  7701  I4W  1  11  10  (M  041  (I 
(71  ICTIINC  CO  07  aOCK-Z 

TOOINC  axK-z  m  wt-i  itosi 

TOOINC  aOCK-Z  IN  M-l  17011 
C-C  SUCCCCDS 
11  SWIXCDS 

z 

mi  II  loiATii 


cuMiTDT  laoot-n  laocr-zi  laocK-si  ithniid-i)  itimmo-zi  i7ii»fiiD-3i 
HT6M  laKK-i  caoT  7(0  Tosi  laocx-i  sin  shtul  tosi  laocx-z  cixok  orcen  tosi 
laocK-z  size  iT«£  TOSI  laaic-i  caw  ko  tosi  laaoc-i  size  twee  tosi 
iaocK-4  caw  ctccn  tosi  iaocK-4  size  ittcc  tosi  laoDc-s  caw  sue  tosi 
laocK-s  size  iTTcr  tosi  itttwio-i  caw  ctccn  tosi 
ittnniio-i  size  snaiL  TOSI  (7TMWI0-Z  caw  aUE  Toil 

I7TM7IIO-Z  size  LMCC  TOSI  171*71110-3  CaW  *ED  *01) 
l*1*Tn)l>-3  size  SHTLl  TOSI 

H«*a  laocK-i  on  aocK-s  tosi  lam-z  in  m-i  tosi  iaocK-3  on  ti«le-i  tosi 
(aocK-4  ON  aai-i  tosi  laooc-s  on  ruac-i  tosi  ioo*-i  on  Tuat-i  »»"' 

ITTTTNID-I  W  Tuat-l  TOSI  iTITrntO-Z  IN  lOI-l  TOSI  ITTTWIIO-3  ON  T«aE-l  TOSI 

wisizc  (a«7-i  It*  IW  IWI  laocK-z  zw  zw  zmi  laocK-s  zw  m  mi 
(aKt-4  zw  zw  ZWI  laKK-s  3m  iw  twi  im»-i  m  m  ii 

ITrPTfilO-l  IW  iw  iwi  iTiNtniO-Z  3W  ZW  ZWI  ITTHMIIO-I  IW  IW  Z40> 

iiTac-i  IZW  IZW  *1 

INS1TCK  laoct-i  siTCK-Ti  iaocK-3  sttck-ii  laxK-*  sttck-ii  laoa-s  STTcr-4> 
IS*  laKK-i  aKci  laocK-z  aoaci  laocK-s  aocKi  iaoci:-4  aocKi 
laat-s  aaii  iioi-i  loii  ihuno-i  htndi  itttwiio-i  ttmoioi 

(TrMMO-Z  TIMXIDI  171*1*110-3  TITMIDI  ll*aC-l  TTOICI 

tool  laocK-i  4W  B4D  4MI  laocK-z  34*  m  n  iaacK-3  •  m  •• 
iaocK-4  *  Z4»  3WI  laKK-s  3w  S4o  11  ibo*-i  m  m  ii 

IHMO-I  l»4»  54*  Zll  I  ITTTWIIO-I  M  4SI  11  (TTNW1I0-Z  140  MO  II 
ITTNW1I0-3  ZW  ZI3  11  ITTOUI-I  1  1  11 


nMafMMLW  Ttsrt 


psiKCMc  •onuB  «T  icnLcaos 

NIL 

ICO»l) 

CONE  (nci.nJLDi  I4MS  .  IMI 
Oir 


HIM  Tine  7  nlH.  71.9  sec 

t««f1  TNT  rine  tnaCT  E/f  E/T  T/f 

9474  74«  571  1772  S.M  4.59  1.39 

•  ■127  9  597  9.774  9.249  SEC  nvG 

i9M  INSCNTS  594  deletes  291  UnNNINCS  14  NEM  OBJECTS 
nnx  isi»«  length  295 

CXINE  (TNEE.ruLLii  14999  .  1914)  USED  (9294  SSSI 

•  9CTS  LOMINS  (UBLOI  .  C>NI  (niLin  .  MC'  (tOLOOS  .  ETPI  (WLOU  .  C>N>  (fliLlPS 

.  EXNi  LOKONs  (niLiPu  .  ETNi  iniLCKNN  .  EKPi  (niLN  .  ciNi  (mirg  ■  E>Nl  I 

nun  .  E«Ni  (niLv«  .  c<ni  rue  lOWNS  (niLte  .  EiPi  smieps  (aoseo  imloi  . 

EIP>)  PUN  SrVltrVTV  SPUE09  (CLOSED  (MLI  .  OBSII  (aOSEO  OSLI  .  IPSI>  SME09 
HLM  smErvTT  snPKErrTT  sfvnrvrv 

TRPCt 

(73-1  S9-3  C44-2 

SI-IS  Cl -4  W-2  N9-4  N9E-2  NI9-4  75-34  fS-3S  fS-lS  fS-37  fS-39  75-39  7S-49  75-41 
75-42  7S-41  rS-44 

*1-16  T19-1  NI9-4  «l-6  727-2*  727-29  727-19  727-91  727-a  727-33  727-34  727-15 
715-7 

91-17  T44.4  N2I-4  Nll-4  721-4  715-9 
51-19  T82-I  *2-2  *3-1  712-2 

91-19  Cl-S  NI-1  («-S  N99-3  NI9-S  75-45  75-4*  75-47  75-4*  75-49  7S-S*  75-51  75-52 
7S-S3  75-54  75-55 

Sl-29  t2l-l  P19-S  «(-7  cj.'-lS  727-37  72.- J*  727-3*  727-4*  727-41  71S-9 
*1-21  T7-3  *15-3  «!-*  727-42  727-43  727-44  727-45  713-4  91-3  9I0C-2  7*2-1 
BI3I-IB  E13-2  7  33-2  f*2C-3  713-5 
91-22  T44-S  NJl-S  N33-S 
*1-23  Tll-1  *2-3  412-3 

*1-24  Gl-S  NI-4  N9-S  N98-4  NIO-*  75-5*  75-57  75-59  75-59  75-*#  7S-«I  7S-«2  75-63 
75-64  75-65  75-SS 

*1-25  T53-1  N22-1  N33-S  721-5  72I-*  721-7  721-9  721-9  721-1*  721-11  721-12 
721-13  721-14  713-5  91-4  9191-2  BIBJ-I  BIB-2  E3I-2  *19-1  *>$1-3  Bt9J-2  919-3 
E3I-3  7«l-2 

S4-3  BSS-3  951-3  1471-2  KS-l  n93T-l  (•9-2 

1C3-2  M24-2  1(3-2  Mll-2  054-2  061-2  0*4-2  064P-2  064E-4  054C-5  064E-*  062-3  06S-5 
066-2  067-3  069-2  079-1  021-2  072-2  073-2  0191-2 
M12-2  031-3  045-3 
4(6-4  1(0-7  046-3  01-3  947-3 

U#-*  932-3  02-3  06-3  011-2  013-2  023-2  029-3  07-3  00-3  112-3 
4(95-3  419-9  4«-S  UB-ie  052-1  061-3  052-4  065-6  016-3  067-4  066-3  072-3  073-3 
077-1 

4(25-2  031-4  045-4 

(C-6  MB- 1 1  046-4  01-4  047-4 

1(*-I2  032-4  02-4  06-4  023-4  07-4  049-4  E12-4  021-1  EI2-S 
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C-19  succccos 
BCJCCTINC  ISSS  904  MU 
lOWINC  AT  (6K  1040  Ml) 

KCION  AT  ISM  1040  MU  TK  MX 

KJCCTINC  IKt  IBZS  MU 

LOXINC  AT  (661  1040  MU 

KCION  AT  IBM  1040  MU  TOO  MX 

KJCCTINC  1703  93Z  MU 

LOOKING  AT  1703  1040  MU 

FIXMO  KCICM  I7M  1040  MU  TO  ItM  ll«B  SBI) 

rCUNDSFiCt  IKIMCATCO  KM  16*6  1611 

C-II  CAWUSTCD 

Itl  CIN«F|NC  aOCK-l 

III  LIFTINC  BLOCK-l  rra*  (6M  IBM  HU  TD  1*66  l*B  4BBI 
TAKING  aOCK-l  CACR  STACK-1 
AODINC  aoct-l  ON  BIKK-S  (FOBI 
A00IN6  BtaK-l  TO  5Ti«k-* 

ITI  LCTTINC  CO  OF  KOCK-I 

IBl  IBA/ING  HAND  r*T)H  l*S6  SM  S6BI  TO  ITSB  l«B  IBtl 

mm.  c-G  ktft  fi/titii  block-i  kkk-i 

.  COAL  G-Z6  ClIAAOFr  kkk-i 
6-Z6  SUCCCCOS 
KJCCTING  (STS  9M  MU 
lOacHC  AT  (GTS  16*0  MU 
FlUC  KCtO)  (CM  16*6  3611  TO  1666  11*6  1611 
FlUIDSFAn  DlFlICATCO  IGM  16*6  Ml  I 
.  BOAL  G-ZI  aCAFOAC  KOCK-I 

c-zi  uncos 

KJCCTHC  116*  166*  MU 

lOCKHC  AT  (SB*  10*0  MU 

rxu»  KCION  (SFO  10*6  MU  TO  IBM  11*6  1611 

FnMITFACC  DIFIICAUO  'SM  16*6  1611 

G-G  lIHAOSnO 

1*1  BMSFIIC  H.KK-* 

111  LIFTING  KOCt-*  rtoi  IBM  6*6  Mil  TO  IBM  B«B  IBII 

TMING  N.OCK-*  riOR  STACK-I 

STACK -G  DISnwTlCD 

AOOING  BLOCK-*  ON  BCXK-Z  lAOSl 

AHKIM  STACK  stack- 7  KOCK-*  KOCK-Z 

III  LCTTINC  CO  OF  BIKK-* 

III  NDVING  HAND  Kton  110*6  S*6  *611  TO  (IB6  BBB  IBII 
GOAL  C-1  KiAi  FuTmi  BiKt-*  aocK-i 
.  COAL  C-ZZ  ClCAAWr  BLKK-* 

c-zz  uncos 

FOUD  FCCION  nCAFTir  KOCK-l 
FONOSFAa  tUMCAICD  ISM  B«6  MU 
.  GOAL  C-ZI  acNKCFF  |L«(-* 

c-zi  ucceos 

Fomo  KCION  CLCAAIOA  BLOCK-l 

FOMOsFAa  omicATco  iim  i«6  mu 
c-1  iKHAusno 

GOAL  CT  KTFT  Mini  FACK 


K 


*1-116 


MUM/MMl 


OM.  c-z«  aEiwtrr  ■.ooc-s 

C-Z4  SUCCEEDS 

roUND  RECION  aEM>TI»  ■.ODfS 
SOM.  G>ZS  PUT  8L0Cir-4  (CW>  t*«  IMt 

.  COM.  c-zt  cpr«>  aacK-4 
.  .  ooM.  C-Z7  aEMorr  ■.aer>4 
C-Z7  SUCCEEDS 

CD  houiNc  HM0  rrai  (iM  nt  idu  to  iidto  4dii 

IZ)  GM«>INC  ■LOCK-4 
C-ZS  SUCCEEDS 

(31  LiFTiNC  ■LacK-4  non  (STt  i4«  z*n  to  cm  ■«•  siii 

TwciNC  aLOCK-i  rpoh  stick-? 

STUCK-?  DlSnaNTLEO 

(41  letting  CO  OF  ■LOCK-4 

niKINC  STICK  STICK-0  SLOCK-T  ILOCX-S 

KOOING  ■LOCK-4  ON  RLOCK-3  IFDSI 

G-ZS  SUCCEEDS 

OOM.  C-ZD  FUTON  PTFMIIO-I  ONTO  KaCX-4 
.  COM.  C-ZS  acKoorr  ftfmuo-i 
C-ZS  SUCCEEDS 

FOUND  FCCION  aEAFTOF  tLaCK-4 
.  COM.  C-M  FUT  FTFUniO-l  IG«0  9*»  S«D 
.  ■  OOM.  C-3(  GMSP  PTInmiO-t 
.  .  ■  COM.  C-3Z  aEFFOFF  FTMWIIO-I 
C-3Z  SUCCEEDS 

(■)  noviNc  MiMo  Finn  tim  S4«  s*ii  ra  isss  ss«  isii 
l?l  CMSriNC  FrFWIlO  I 
C-31  SUCCEEDS 

<81  LIFTINC  FtFwiIO-I  FPOK  (S4«  GW  11  TO  (GW  ■««  Stll 
(SI  LETTING  CO  OF  FTMniO-1 
icoiNC  PTPxnio-i  ON  aacr-4  ifesi 
FOOINC  PTPxnlO-l  TO  STiCK-S 
C-3*  SUCCEEDS 
C-Z«  SUCCEEDS 
■EJECTING  (GZS  SZO  3611 
LOOKING  AT  (GZS  IWD  341 1 
FOUND  ■ECION  IGW  l«HF  3GII  TO  (SW  l|4«  3311 
COFL  C-33  PUT  aOCK-t  (GW  IWG  3«D 
.  COAL  c-34  CPASP  aocK-i 
.  .  GOAL  C-3S  CLEAPDFF  aOCK-t 
C-3S  SUCCEEDS 

(11)  rouiNc  HAND  Fmn  ics*  sst  «ii  to  (4so  cm  smi 

(izi  cpAGPiNc  aocK-i 
C-34  SUCCEEDS 

(131  LIFTING  aXK-l  FFOn  (4W  G4«  4MI  TO  (GW  IW*  3*1) 

TAKING  a«r-t  FPQR  STlCr.-4 

(141  letting  go  of  aocK-i 

AOOINC  aocr-l  TO  STACK-G 

AooiNG  aocK-i  ON  aaK-3  (fosi 

C-33  SUCCEEDS 

COAL  C-3G  FUTON  FTPAnlO-3  ONTO  aOCK-l 
.  goal  C-3?  aEAPOFF  PTPAri|0-3 
C-3?  SUCCEEDS 

FOUiD  Kcim  aEAPTOP  aocK-i 
.  goal  C-M  FUT  PTPAnlO-S  (GW  IWO  401) 

.  .  COAL  C-3S  CPASP  PTPANIO-S 
.  .  .  COAL  C-4«  aEAPOFF  PTAAn|D-3 
C-4«  SUCCEEDS 

(IGI  muiNC  HAND  FAOn  (SSO  ISM  4011  TO  (SCO  (M  G4GI 
1171  CMSPINC  PTIMniD-3 
C-3S  SUCCEEDS 

(lai  LIFTINC  PrPAf1|0-3  FFON  (SW  •4A  4WI  TO  (CM  IW*  4«ll 

TAKING  PrPAnlO-3  FFOn  STACK-4 

STACK-4  OISIWNtLEO 

(IS)  letting  go  of  PTPANID-3 

AOOING  PTPM1ID-3  ON  aoCK-l  (FOG) 

AOOINC  PTFAnlO-3  TO  STACK-S 
C-3D  SUCCEEDS 
C-36  UCCCCOS 
CT  SUCCEEDS 

■EPLT  II  (FAILED  TO  PUT  PTKANID-S  ONI)  II  IFAHlg  TO  MIT  PTMKID-I  OUI 
(Z  (OiATII 


UR  **»UR 


13  iwuT  TEiT  IS  *  FUT  TIC  auE  aocK  IN  nc  aa  ’ 
osj-i  Awic  si-i  aocE-s  PTiMni>z  ... 

OBJ-I  lEFEFS  aar-s 
OSJ-Z  FEICFS  SOI- 1 

■aiNcoN  oaj-i  *4-1  IN  BOK'i  fr 

PUTIN  STAPIS  WITH  MnON 

stnetikc  ct  PUTIN  aocK-s  intd  hu-i 
COM  c-i  acAPOFT  aocK-s 

C-l  SUCCEEDS 
KJECTINC  (7W  7G4  II 
looking  at  ITSO  •if  I) 

KCION  AT  (GW  («D  n  TOD  BWLL 
LOOKING  AT  lacG  94G  II 
KCION  AT  KW  044  n  TOO  B4N.L 
KJECTINC  I74Z  7t«  11 
LOOKING  AT  I74Z  G4»  |) 

■ECKM  AT  (GW  GW  II  TOO  MAU 
KJECTINC  (GSZ  G*Z  1 1 
LOIKING  AT  IS3Z  G4F  II 
KCION  AT  IGW  GW  I)  TOO  MML 
LOOKING  AT  1*41  «33  II 
■ECKN  AT  (GW  C4D  I)  TOD  SMLL 
LOnriNC  AT  IG3Z  GIG  II 
KCKM  AT  IGW  GW  II  TOO  M.L 
LOOKING  AT  IGW  IIOZ  II 
FOUW  FCCIIN  IGW  IK*  1/  TO  (IZW  im  It 
GOa  c-z  PUT  aocK-s  iiw  iga*  ii 
.  COAL  C-3  CPASP  aOCK-G 
.  .  OWL  C-4  atAKOFF  aOEX-S 
C-4  SUCQEDS 

1*1  KNINC  HNO  FROn  (CS«  l•S•  C4II  TO  (4GC  RG  4WI 
III  CPASFINC  aocK-G 
c-3  SUCCEEDS 

(Zl  LIFTINC  aOCK-S  Ffon  (3W  S4«  •>  TO  KW  ISID  II 

(SI  LETTING  CO  v  aocx-s 
AOOINC  axK-s  ON  na-i  ifosi 
AOOIIK  aCCK-S  IN  ID<-1  IFOSI 
G-Z  SUCaEOS 
CT  tUXEEDS 

KKT  II  IKATII 


WP3  44MI 

SRI  UR 

SGPI 

LGM 

im  LRZ 


44IIUR 


«P3*<NI 

IRI 

KPI 

Ltt4 

U*3 


PM  It 


M 


K 


■  mn 


mm  Titc  II  HIM.  14.1  wc 


rwi  m  rm  incr  tir  tn 

an  IS41  t»m  t.n  ».n 

l.llt  •.4B  1.711  l.ia  KC  IM6 


T/r 

i.W 


WOINC  ■.OCK  ILOOC-l 

woiNi  ■.ocr  n.KK-1 
looiNC  ■.OCK  ■i.acK'7 
«OINP  IIIICK  ROCK-t 
WOINC  RKK-l  ON  TWLE-I  IWIt 
WOINC  ILOCK-l  ON  TWIE-I  IWSI 
WOINC  lLaCK-7  ON  TMLE'I  IWSI 
WOINC  ROCK-C  ON  TdRE'I  IWSI 
WOINC  SIR  LWCE  IPOSI  10  ROCK-l 
WOINC  SIR  LWCC  IWSI  TO  ROCK-1 
WOINC  SIR  LWCC  IWSI  10  RaCK-7 
WOINC  SIR  LKPCC  IPOSI  TO  RKK-1 
POOIW  CRON  RPCK  IPOSI  TO  ROCK-S 
POOINC  CRON  RACK  IPOSI  10  ROCX-1 
WOINC  CRON  RACK  IPOSI  TO  ROCK-7 
AOOINC  CRON  RACK  IPOSI  TO  ROCII-1 


REANTON  IROCK-ZI  IROCK-SI  IROCK-SI  IRaCK-71  IROCK-ll  IROCX-ll  IPTIMIID-II 
lPYPWIO-21  IPTP«1I0-3I 

HASAV  IROCK-I  CROP  PEO  POSI  IRQCK-I  SIR  SrwCL  POSI  IROCK-Z  CROP  GPCEN  PDSI 
lROCK-2  SIR  LANCC  POSI  iR0Ci:-3  CROP  PEO  POSI  IROCK-3  SIR  IPPCC  POSI 
IROCK-4  crop  CPtCN  POSI  IROCK-E  SIR  IPPU:  POSI  IR0»-S  CRON  RUE  POSI 
IROCK-S  SIR  lAPCE  POSI  IR«»B  CROP  RACK  POSI  IROCK-C  SIR  IPPR  POSI 
lRaCK-7  CROP  RECK  POSI  IRRK-?  SIR  imu  POSI  IRRK-I  CROP  RACK  POSI 
IROCK-l  SIR  LANCC  POSI  IROCK-S  CROP  RACK  POSI  IROCK-S  SIR  LANCE  POSI 
IPTPAPIID-I  CROP  CPEEN  POSI  IPTPAHIO-I  SIR  SnULL  POSI 
IPTRAdlO-Z  CRON  RUE  POSI  IPIRpnlO-Z  SIR  LANCE  POSI 
IPTRAfllO-3  CROP  PEO  POSI  IPTP<«1tO-3  SIR  SHALL  POSI 
HASPEL  IRKK-I  ON  RKK-3  POSI  IRKK-Z  IN  B0>-l  POSI  IROCK-3  IN  lOII-l  POSI 
IROCK-S  ON  RaCI.-3  POSI  IROCK-S  IN  BOK-l  POSI  IRRK-S  M  Tf«LE-l  PTSI 
IRXK-7  ON  TARC-I  POSI  'ROCL-a  ON  raRC-l  POSI  <RKK-S  ON  lARC-l  POSI 
laox-l  ON  TARC-I  POSI  IPTPAHIO-I  ON  ROCK-4  POSI  IPRPnlO-Z  IN  ■»-!  POSI 
IP1PAniO-3  ON  ROCI -I  POSI 

HAfiSIR  IROCK-I  im  IM  IMI  IROCK-Z  ZW  ZW  ZWI  IROCK-S  ZM  3M  SHI 

iRacK-4  zn  zoo  zwi  irock-s  m  im  icai  irock-s  zm  z«  zmi 

IRXK-7  ZW  Z<M  ZOOI  (ROCK-S  ZW  ZW  ZWI  IROCK-S  ZW  ZW  ZWI 

IMK-l  Ml  SIM  1 1  iPTPPftlO-l  IW  IW  IWI  (PTPAnlO-Z  3W  ZW  ZWI 
IPTPAfllO-3  IW  IM  ZTII  ITARC-I  IZW  IZW  11 
instack  (RKK-I  STACK-11  IROCK-3  STHCK-H  (ROCK-4  ITACK-ll 
(PTAANIO-I  STACK-11  (PTPWIO-3  SThCK-II 
IIA  IROCK-I  Rocri  IRKK-Z  RKXI  IRRK-3  ROCri  iROCK-4  ROCXI 
(RKK-5  RKKI  (RKK-S  RKKI  IRKI.-7  RKki  IRKK-1  ROCKI 
IRKK-1  RKKI  ieO«-|  1011  (MWO-I  HAWI  (PIPAHIO-I  PTPAHIOI 
IPTRPfllD-Z  PlPPNIOl  IPTNANIO-S  PTRAHIOI  ITARC-I  TAREI 
LKAT  IRKK-1  SW  104(1  3PII  IRKK-Z  S«I1  WO  1 1  IRKK-3  SW  WO  II 

IRKK-4  SW  wo  3011  IRKK-S  IW  IWO  II  IRKK-S  IW  0  01  IRKK-7  4W  0  01 

(RKK-1  SW  0  01  IRKK-S  9W  0  01  (0O>-I  SW  SW  01  IWNO-I  SSO  lOW  4011 
IPTNAHIO-I  SW  wo  sou  IPTIWIIO-Z  S40  STO  II  IPTWNIO-3  SW  IWO  4011 

(TWLC-i  a  1  01 


SPP3  'm 

SWI  LWS 

SCPI 

LCW 

Lan  LOW 


••IILIPZ 


IMP 


Z0I7  IMEirS  I3SI  OCLCm  SIS  HNMtWS  II  m  OMCIf 

im  iswx  LENcm  iw 

CBNC  iricE.nu.li  imsti  .  zsni  un  lai .  mi 

rm  4  OUT  or  4M  wool 


ririM  scocNT 

IS  IIMI  TCIT  IS  ■  PUT  A  rack  ROCK  ON  TIC  UWt  KO  HJOCR  * 

IRJ-1  AWIC  ll-l  ROCK-S  RaCK-7  ... 

■J-Z  AWIC  L7-I  ROCK-Z  ROCK-f  ... 
ou-z  Ptrcps  ROCK-l 
CMOSINC  RKK-S  rON  OBJ- 1 
■LINCOI  (Rl-I  W-l  W  ROCK-l  P« 

STAPTIIS  CT  PUTW  ROCK-S  ONTO  RCCK-S 
COR  C-l  aCAPKI  RKK-S 
c-i  sucacos 
■EJtCTINC  IS<K  SW  soil 
LOR  INC  AT  ISPS  IWO  soil 

PEcioN  AT  isw  IWO  soil  ns  snrl 

KJECTINC  ISW  W3  soil 
LOR  INC  AT  ISW  l(l«P  soil 
HCION  AT  ICOO  IWP  soil  TOD  MN.L 
KJECTINC  ISSS  SW  3011 
LOOlINC  AT  ISSS  IWO  WII 
KCIOI  AT  (SW  IWO  WII  TOO  SNRL 
KXCTINC  ISZ1  SSI  3PII 
LOOKINC  at  ISZ7  IWO  3011 

KCioN  AT  (SW  IWO  mi  I  rm  btrl 

KJECTINC  IW7  99J  WII 
LOOKINC  AT  IS47  1040  3011 
KCItM  AT  ISW  1040  3011  TOO  STIRL 
riNDSPACE  LiniT  CicnKO 
NO  SPAK  TO  PUTCN  ROCK-S  RKK-S 
IT  PAILS 

COR  C-Z  noKISPACE  rON  ROCK-S  OH  ROCK-l 
.  COR  C-3  KIPIDK  ROCK-4 
KXCTINS  1194  4Z  01 
LOKINC  AT  (RW  4Z  01 
KCION  AT  low  0  01  TOO  SNRL 
KJCCTINC  IZSS  ISl  01 
LOKINC  AT  I3W  ISS  0< 

KCION  AT  OW  0  01  TOO  SHRL 
LOOKINC  AT  IZI9  SSI  Ol 

riuc  KCION  10  ZW  01  TO  isw  sw  oi 

.  OM  C-4  PUT  RKK-4  I3S4  zos  01 
.  .  .  COR  C-S  CPASP  RKK-4 
....  COR  c-s  acAPorr  rkk-4 

. COR  C-1  KIPIOK  PTPAmO-1 

KJCCTINC  IZW  S7  01 

LCKINC  AT  IIW  S7  01 

rOMD  KCIW  10  0  01  TO  IIW  sw  01 

. COR  c-i  PUT  PTPANIWI  It  S7  01 

. SDR  C-9  CPASP  PyPANIO-I 

. COR  C-IO  CLEAPWr  PTRANIO-I 

c-iP  sircECK 

101  WVINC  HDND  rpcn  (tsa  IMt  WII  to  *M1  Ml  MU 
III  CPAWINC  PtMNIO-I 
C-s  SUCTEEOS 

izi  LI1MNC  PTPwno-i  rton  isw  wo  mu  to  (•  17  ii 
TAP  INC  pippmo-i  riRT  stack -a 

III  LETTINC  CO  or  PTOANIO-I 
AOOIIC  PIPWIIO-I  Ol  TARE-I  IPMI 
C-a  SKCCEDS 
c-7  SKacos 
c-s  SUCCEEOS 

(41  WVINC  HOAO  fpcn  (Sa  107  IMI  TO  I1M  Ml  MU 
ISl  CPASPINC  RKK-4 
C-s  SKCEECS 

(Si  LiriINC  RK>-4  rmm  (SM  t4P  lOU  TO  I1E4  ZM  tl 
TRIW  RKK-4  IPCN  S1ACK-B 
111  ICTIINC  CO  or  RKK-4 
AMIW  rkk-4  on  (ARE-I  IPOSI 

s-4  sucacos 


R 


vi-iw 


1 


C-I  cucocos 
U»1NC  MT  ISI6  9W  Mil 
rOM  KCIOM  (M*  •<«  Mil  TO  (M«  !•<«  Mil 
C-Z  SUCCEEDS 

eoM.  c-ti  niT  dlock-s  (dw  mo  mu 

.  COM.  C-IZ  Gsnso  aoCK-S 
.  .  COM.  c-13  ciEDOorr  aocic-s 
C-IS  SUCCEEDS 

III  fSMINC  HAND  fum  I4S4  3W  ZWI  TO  IIOM  IM  ZMI 
ISI  CMSOINS  ILaCK-t 
G-IZ  SUCCEEDS 

(101  LirriNE  BLDCK-s  nran  (SM  o  oi  to  com  mo  mu 

(111  LETTING  CD  or  SLOCK-S 
ADDING  OLOCK-S  ON  OLODC-S  (AOSI 
ADDING  ILOCK-S  TO  STACK-0 
G-U  SUCCEEDS 
GT  SUCCEEDS 


*<M| 

Mliun  ISM 


NOT.Y  (I  (OCNTII 


KOI  IMS 


IHT  LOH 


9n 

soil  IMS 

im  «<Hi 

LiOI  LCK 


“xiuoz 


LOM 


Al  LS 


LOOT 


17  IIOUT  TEIT  IS  ‘  AIDl  A  SLACK  aOCK  IT  * 

MJ-I  AMIC  Sl-I  ILOCL-S  SLOCX-7  ... 

OCOSINC  BLOCA-S  rOA  OOJ-I 
STAOIING  CT  AIOIT*  SLKK-S 
GOAL  C-I  CAASA  aiXK-S 

.  goal  c-7  ciCAMrr  m.ock-s 

C-7  SUCttCDS 

<•<  MIVING  hand  rw  HOAD  7W  MU  TO  (TOO  S«0  MU 
( 1 1  CMSPINC  SLOCK-S 

C-I  succtcos 

(Zi  LirriAC  SLOCK-S  not  im  mo  mu  to  ism  mo  ismi 

TAKING  SLOCK-S  TSM  SIACK-S 

CT  uncos 

SEALT  II  l(»AT>l 


IS  IM>UT  rciT  IS  *  AVT  A  LANCE  OAEEN  KOCK  IN  TIC  SOI  * 
OBJ-I  AWC  LS-I  aOCK-Z  BLOCK-I  ... 

OBJ-1  Ar«IC  CA-I  SLKK-Z  SLOCK-4  ... 

Doj-z  NcrcNS  so>-i 
NELNESTN  OOJ-I  os- I  in  sok-i  nos 
OSJ-I  NEAENS  SLOCK-Z 
BACKUP  OSJ-I  NEAENS  aaCK-« 

PUTIN  STANTS  nun  puton 
STANTINC  CT  AVION  RKK-A  ONTO  SOK-I 

goal  C-I  CLEAPOAr  aocK-4 
C-I  SUCCEEDS 
LOOKING  AT  (STS  SIS  I) 

HECION  AT  lOMI  SAD  11  TOO  SHALL 
LOOKING  AT  (STn  0«4  11 
NECION  AT  (SW  8A0  II  TOO  SAIALL 
LOOKING  AT  IKL'A  SID  II 

ropo  NECION  isAO  SW  II  TO  iizm  ms  ii 

COAL  C-Z  PUT  noCK-A  (SAP  CM  11 
.  COM.  c-j  CNASP  aocK-A 
.  .  COAL  C-A  CltlPOAA  aOCK-A 

c-A  succccos 

(01  AONINC  HAND  anon  I7M  SAS  Ml  I  TO  (ASA  SOS  ZMI 
(II  CPASPING  a«K-A 

C-1  ucccos 

IZI  LIATINC  aOCK-A  ANON  (KA  ZSS  SI  TO  ISAS  SM  11 
ADDING  aOCK-A  ON  NOI-I  INOSI 
(SI  LETTING  CO  or  aOCK-A 
AOOINC  aOCr.-A  IN  HOK-I  (POSI 
C-Z  UCEEOS 
CT  SUCnEDS 

NEM.T  II  ((KATII 


acANTOP  laocK-zi  imock-ai  laocK-si  laecK-si  islock-zi  iaoac>si  laoK-si  j 

INrNMIlD-ll  ININAIIID-ZI  (PTMVIlO-SI 
CBASPINC  INANO-I  aOCK-SI 

M«Nv  laxL-i  caoN  sio  nisi  laxK-i  size  9su.  post  islock-z  colon  cnccn  posi 
laocK-z  SIZE  LANCE  POSI  laocK-s  caoo  ned  posi  laaoc-s  size  lance  posi 
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LOOKING  AT  (681  $77  Ai 
REGION  AT  (64$  $$4  6)  TOO  SML 
REJECTING  (9A9  i041  A' 

LCOCING  AT  (66A  ]A44  61 
REGION  AT  (660  970  A'  TOO  SMI 
LOOKING  AT  ($65  697  AI 
REGION  AT  <$««  554  6)  TOO  SMC 
LOOKING  AT  (73$  325  O' 

FOUND  REGION  (600  316  A'  TO  .688  686  81 

. CM  C“8  PUT  Biocr^f  <618  3W  61 

. CM  C-9  GRASP  0LOCK.4 

. CM  C-16  atAROFF  aXK'4 

. COAL  C'll  CCTPIOQF  BLXK-9 

COW/IC  AT  (521  229  0i 
RECICW  AT  ($66  2CA  6i  TOO  SMI 
REJECTING  (117  66  6) 

L09^1NC  AT  (]M  86  6' 

REGION  AT  (A  A  Ot  TQO  SMI 
REXCTINC  (963  4(«  p) 

L09;INC  AT  (963  429  A> 

REGION  AT  (84$  429  AI  TOO  SML 
looking  at  (645  122  Al 
REGION  AT  (GM4  m  A)  TOO  SMI 
L0»INC  AT  (996  564  ei 
PCCION  AT  (84$  $54  91  TOO  SHALL 
rejecting  (965  74|  fl 
LOOTING  AT  1965  666  A) 

PEGICM  AT  (645  554  01  TOO  SHALL 
rejecting  (409  957  91 
ri»CSPACf  LIMIT  tfCEEXO 
TRYING  CM  Biat-O 
roue  PCCtON  aEARTOP  OLXf-O 

. CM  C-1?  PUl  01X1-9  ‘57  364  168) 

. CM  C-I3  GPaSP  fllX»-9 

. COAL  C-M  CIE^ROFF  01XK-9 

. CM  C-IS  CETPirXF  BLXk-J 

locking  at  1057  399  Ai 
RECICM  AT  (045  3(6  Al  TX  9««.L 
RCJCCrilC  (1A6A  693  Al 
looting  at  ( 1968  6^^*  Al 
REGION  AT  (04$  $54  91  TOO  9IALL 
rejecting  (442  774  9' 

LOCKING  AT  (S96  774  91 
REGION  AT  ($96  554  91  TOO  9WLL 
*  LOOKING  AT  (10  660  A' 

rCUO  REGION  (A  554  91  TO  (183  67A  81 

. CM  C-16  RUT  eiCCKM  <41  554  01 

. CM  C-I7  GRASP  aLQCK'l 

9Mt0 


. CM  e«l6  aCRROFF  mxcx-i 

. CM  C-lt  KtRIOgr  RTlMflC-l 

UnciNC  AT  flM  C31  61 

FOWD  REGION  (64$  4»  6)  TO  (1286  666  6) 

. CM  6'26  RUT  RrRWIID-l  <I6Z«  449  6) 

. CM  C>2I  ORNSR  RTIIRNIO-I 

. CM  C-22  aCMOrF  RTIMTIO*! 

C-22  UCCeOS 

(6>  raVINC  HM  FROM  im  l••4  166) 

TO  (Hi  K9  )9f6) 

(1)  GRR8PINC  RTMtO-l 

C-2t  UOCCM 

(21  LirrfNC  RTWIfr-l  FION  (M  FFf  968> 

TO  (1624  HR  6) 

TAKING  RTfWniO-1  FRON  STACK-12 

AOOINC  RTNANI6-1  ON  TASLC-I  (ROS) 

(II  UTTINC  CO  OP  RYNAHIO-l 

c-26  suaaot 
C-)9  SUCCEEDS 
C-16  SUCCEEDS 

(4)  rOVlNG  WND  FRON  (1674  4«  166)  TO  (4« 

■»  986) 

(f)  CM6RINC  ■.OOC-J 

C-17  SUCCEEDS 

(i)  lifting  ILQOC-I  FRCN  (S6  776  666)  TO  (4| 

5S4  8) 

TAKING  8LXK')  FROTf  STACX-IE 
(71  LETTING  CO  OF  BLXK-t 
AOOING  BLXlt.'l  ON  TASLC*!  (R0S» 

C-IS  SUCCEEDS 
CMS  SUCCEEDS 
C-14  SUCCEEDS 

(8)  rOVING  HAND  FROTI  (fl  664  166)  TO  (4M  626  666) 

(9)  GRASPING  BLOCK'S 

G'tl  SUCCEEDS 

(181  LIFTING  BLKK'9  FRON  (316  726  G66)  TO  (62  664  166) 
TMCIIC  ILOCK'S  FRX1  STlCK-12 
(11)  LETTING  CO  X  BLOCK'S 
AOOING  BLOCK'S  ON  aOCK-8  (RQS) 

HPKING  stack  STXK'13  XOCK'S  HJCK-S 
C'I7  SUCXtDS 
C-n  SUCCEEDS 
G'18  SUCCEEDS 

(12)  AD^IAC  HAND  FRON  (162  464  9861  TO  (486  626  666/ 

(131  grasping  lLaCK'4 

G  8  NUiaCOS 

(14)  LIFTING  XOCK'4  FROH  (306  726  466)  TO  (616  M  6) 

TAKING  BLQCK'4  FR9I  STACK>)2 

(15)  ICTMNC  CO  X  8LXK'«  • 

AOOING  a(XK'4  ON  TASLC'l  (PCS) 

C'6  SUCCEEDS 
O'?  SUCCEEDS 
G'S  SUCaEDS 

OS)  HOMING  HAND  FR91  (716  466  288)  TD  (486  626  466) 

(17)  GRASPING  aXK'A 
C'S  SUCCEEDS 

IM  TO  (188  733  188)  (MRIAPS  BLOCK -6  M1TH  aOCK-l 

(18)  letting  VO  X  aocX'A 

G-4  succnos 
G'3  SUCCEEDS 

.  CM  C-23  XTRIOX  XOOC-N 
RCJCCTINC  (34B  81'T  A» 

LOOKING  AT  ( ^18  810  ni 
tCGtCM  AT  (392  654  0)  TOO  91ALL 
EJECTING  (732  749  A' 

LOOKING  AT  (690  749  A) 

REGION  AT  I6«*0  654  01  10  91ALL 
iEJtCTlIC  ($4  S24  Al 
LOXING  AT  (54  55«  8i 
REGION  AT  (A  $54  01  (0  SMl 
LOCKING  AT  (287  093  A) 

REC10  AT  (14|  654  Al  T0  SHALL 
LOCRING  AT  (153  670  AT 
REGI0  AT  (141  654  01  T0  SHALL 
REJECTING  (597  I8  Al 
LOOKING  AT  (6(6  18  A< 

REGION  AT  (6941  A  Al  T0  SHALL 
FIIDSPACE  LIMIT  EiCEEOEO 
TRYING  ON  &K)i-e 
REJECTING  (IS?  346  198) 
locking  at  (|$2  3A4  IWI 
REG10  AT  (2  254  |0A)  T0  SML 
REJECTING  (54  329  10) 

K 


'T 


LOOCIlft  M  (SZ  KS  liti 
IVCION  AT  (Z  1M)  TOO  9«U 
LOOCINC  AT  f&A  ZS9  tOA) 

KCCION  AT  (2  2Si  1AA>  TOO  9«Ct 
RCJtCTIMC  ni6  344  IM) 

LOOKINC  AT  (Its  3A4  IMl 
•CCIQN  AT  (2  2S4  SOA)  TOO  STMLL 
LOOKING  AT  (S2  317  lAA) 

■CCIGN  AT  (2  2S4  lAA)  TCD  STWLL 
LOOKINO  AT  (07  3A2  lOA) 

OCCICM  AT  (2  2S4  lAAt  TOO  SWU. 

OCJCCriNC  (142  373  lAA) 

riNDSPAcc  LiAiT  cxcaoco 

G-23  CXHAUSTCD 

(10)  CAA5P1NC  ALOCT'A 

(17)  LCTTINO  go  or  010CK*A 

(10)  rV/l*(G  HAND  rm  (4A6  02A  4AA1  to  (710  401  2AA) 
(IS)  CMSAINC  BL0C).'4 

(14)  LirTINC  eLOCK-4  rPOA  fOlt  IM  A)  to  (310  72A  4AAI 
A001»C  0100^-4  ON  AOCr-A  (POS) 

AOOINC  »-aC^-4  TO  ST|<»’-I2 


(13)  lcttinc  CO  or  aocK-4 

(12)  novl)^  v«4ND  rpon  :4(«  02A  SAA)  TO  (IS2  4A4  300) 

(11)  CPASPINC  OLOCK'S 

(10)  lifting  eL0C»-9  rpon  (S2  3A4  lAA)  TO  (3A0  720  GAO) 

TflAINC  aOC)^-9  FPOn  STrtCr-13 
STACK>]3  OISnANTLCO 
POOtNC  0LX»9  TO  Sr«)>12 
AODINC  eLOCr-9  ON  BlOCL-4  (POS) 

(9)  letting  CO  or  block-9 

(0)  nOVlNG  HAND  rport  (40G  020  eOA)  TO  (91  0A«  iAO) 

(7)  CPASPING  OLOCK-l 

(01  LirriNC  0LOCO1  FPON  r4|  SS4  Of  TO  (350  770  000) 

OOOINC  OLOCK-l  ON  BLXK-S  (POS) 

POOINC  OLOCr-l  TO  STMCtMZ 
(SI  LETTING  CO  OF  8LKK-] 

(4)  r«)VlNG  HAND  FPOri  (400  020  900)  TO  (1074  499  100) 

(31  CAASPINC  P)TV#((0-1 

(21  lifting  PTPPAIO-l  FPOn  (1024  449  01  TO  (350  770  900) 

OOOING  PTPpniO-l  TO  $ThCKM2 
OOOI»C  PTpAATO-1  ON  aOCK-1  (POS) 

(1)  LCTTINC  GO  or  PTPPAIO-I 

(A)  nOVINC  H4N0  FffOPf  (4AG  020  1000)  TO  (303  1004  KK)) 

. UM.  C-2A  Of  TOT  CETPIOCr  PTPAAID-l 

LOOKING  AT  (607  SS  A) 

rXMH)  PCCICN  (000  0  A)  TO  (088  210  A) 

. GOAL  6-24  PUT  PTPArtlO-1  (570  C3  0) 

. GOAL  C-25  CPP5P  PTPWNIO-I 

. GOAL  C-2S  atAPOFF  PTPAniO-l 

G-20  SUCCEEDS 

(0)  nOUlNG  HAND  roan  (313  l«94  lOA) 


TO  I4«  C2A  I0A0I 

(1)  CPASPING  PTfnnrD-l 
6-2S  SUCCEEDS 

(2)  LIFTING  PrtAniO-l  Etot  (350  77A 

fii)  TO  (070  03  A) 

TAKING  PWAFIIO-l  FPOH  STACK-U 

(3)  LETTING  CO  tT  PTPAHJO-l 
AOOING  PTPAniD-l  ON  TAOLC'1  (PQ5) 

G-24  SUCCEEDS 

C-2t  SUCCEEDS 
C<19  SUCCEEDS 
6-19  SUCCEEDS 

(4)  nOVINC  hand  FPOn  <720  113  lAA)  TO  (400 

•28  9AA) 

(5)  CPASPING  H.QCKM 
6-17  SUCCEEDS 

(0)  LIFTING  OLOCK't  FPON  (3S0  778  AAAI  TO  (4t 

054  A) 

TARING  OLOCr<]  FPOn  STACK-U 
(7)  letting  CO  OF  aOCK-l 
AOOING  aOCK-1  ON  TPaE-l  (POS) 

C-16  SUCCEEDS 
G-IS  SUCCEEDS 
C-14  SUCCEEDS 

(A)  nOUlNG  HAND  FPOn  (9)  004  IAO)  TO  (400  028  AlAI 
(9)  CPASPING  aOC»*9 
6-13  SUCCEEDS 

(18)  LIFTING  aOCK-9  rPtH  (3(0  720  GAO)  TO  (S2  384  lAA) 


TAKING  aaCIC'9  FPOn  ST<CK-I2 
(ID  letting  CO  or  block-s 
adding  a«K-9  ON  aOCK-A  (POS) 
HAKING  STACK  $TACK-I4  aCCK-9  aOCK-t 


G*I2  SUCCaOB 

G-ii  fucom 

6-IA  SUCCEEDS 

(12)  rOVINC  HAND  FPqn  (102  484  HA)  TO  (400  SA  Ml 

(13)  CPASPING  aQCX-4 
6-9  SUCCEEDS 

(14)  LIFTIIC  aaCK-4  PBOn  (390  7ZA  Ml  TO  (Ott  M  A1 
TAKING  aQCK-4  FPON  STACK-12 

(15)  LCTTINC  CO  or  a(CK-4 
ADDING  aaCK-4  m  TA«X-I  (POO) 

C-A  SUCCEEDS 

C-7  SUCCEEDS 
G-C  SUCaCDS 

(10)  nOUlNG  HAND  FROn  (710  4M  2AAI  10  (400  M  Ml 
(17)  CPASPIlft  aOCK-A 
C-S  SUCCEEDS 

m  TO  (ISO  739  lAA)  CACPLAPS  aOPC-A  HITN  «.aCX-l 
(19)  LETTING  CO  OF  aOCK-A 
C-4  SUCCEEDS 
C-3  SUCCEEDS 

COAL  C-27  CETAtDGF  aiXKHA 
rejecting  (992  534  O) 

LOSING  At  (992  5M)  0) 

PCCIDN  AT  (B«S  S8A  0)  TOO  SHALL 
PCJECTINC  (309  777  0) 

LOO^INC  AT  OM  777  p) 

RECICN  AT  OP2  6S4  0)  TOO  SHALL 
LOOCINC  AT  (711  3S7  0) 

RCCION  AT  (SPO  315  p)  TOO  9WLL 
KJECTINC  (25S  522  0) 

LOCKING  AT  (255  554  01 
PECION  AT  1141  554  0)  TOO  SHALL 
PEJECrrNC  (995  991  0) 

LOCKING  AT  (990  SPA  P) 

PCGKn  AT  1045  SOP  p)  TOD  ML 
LOCKING  AT  (667  206  0) 
lEGtCN  AT  (045  TOe  0)  TOO  91ALL 
fi»sPACE  t;niT  CFCtroco 
TPTINC  ON  aOCK-O 
LOCKING  AT  (157  27S  IPA) 

VCICM  AT  (2  2S4  IPO)  TOO  SHALL 
REJECTING  (161  324  IM) 
locking  at  (101  304  ipO> 

REGION  AT  (2  2S4  IPA)  TOO  ML 
LOCKING  AT  (42  322  IPO) 

6EGICH  AT  (2  2S4  169)  TOO  SHALL 
LOIKIIC  AT  ()4P  259  160) 

REGION  AT  (2  2S4  )Pp)  TOD  SHALL 
rejecting  (92  335  160)  1 

locking  at  (92  3H  IPO) 

REGION  AT  (2  254  IPO)  TOO  SHALL 
rejecting  <146  351  160) 

LOCKING  AT  I14P  364  iPO) 

REGION  AT  (2  254  Ipp)  TV  9nX  \ 

REJECTING  (144  370  1W> 

FlIMPACE  LinlT  EiCtEDED 
6-27  CKHAUSTfO 
OB)  CPASPING  aOCK-A 
(171  LETTING  CO  OF  aOCK-A 

(IS)  rWlNC  HMD  FROH  (4C6  020  409)  TO  1710  M  2991 
(15)  CPASPING  aXK>4 

(14)  LIFTING  aXK-4  FRQH  (519  3M  9)  TO  CM  728  M) 

ADDING  aXk:-4  ON  aXK-A  (POS) 

ADDING  aXr-4  TO  STnC).-12 
113)  letting  CO  OF  aXK-4 

(12)  (WING  hand  FROn  <4P6  928  6AA)  TO  (152  484  BAA) 

(11)  CPASPING  aXK-9 

116)  lifting  aXr-9  rtCRl  (SZ  384  IBA)  TO  CM  728  Ml 

TAKING  aXK-S  FRCr  5TACK-14 
STACK’D  DlSnnNTLEO 
ADDING  aXK’S  TO  ST*<K-I2 
ADDING  aKK-9  ON  axr-4  (POS) 

I9)  letting  U3  V  aXK-9 

(9)  (WING  FRCP)  (4P6  928  AAA)  TO  (91  994  lit)  I 

(7)  CPASPING  aXK’l 

(5)  lifting  axi’l  FROt  (41  SS4  9)  TO  (S9  778  988) 

ADDING  aXK-1  ON  axi^’9  (POS) 
adding  aXK-1  TO  5TtCK’t2 
(5>  letting  CO  9  axK-1 

(4)  rWING  HAND  FROn  (406  828  9981  TO  (729  111  199) 

(3)  GRASPING  P»PAHlD.l 

(2)  lifting  PrPAfilD-i  FROH  (579  U  9)  TO  (tS9  779  999) 
adding  PtRANID'I  to  STACK’ll 


K 


IMCnfMMltt  fUTV 


R 


miNC  rmwio-i  on  rock'I  imi 

(ti  UTTiift  GO  or  rv«wtio-i 

<•)  fWINO  HMD  rnon  I4»  RD  IMO)  TO  Oil  1604  IHO) 
. cofli  c*^«  rcrf»T  ccmioor  rrwnto-i 

KJCCTtND  MRS  1091  01 
LOOKIIC  AT  (600  1091  01 
OCCION  AT  ($00  970  Oi  TOO  SWlt 
LOORINB  AT  (296  $79  A) 

nuo  OCClOf  (0  SS4  $1  to  UOI  GTO  0) 

. GONL  C>2$  OUT  OTPMIO-I  (SS  $62  01 

. GOHL  G-29  COASP  PTMMIO-I 

. .  CM  6-90  acMorr  OTowito-i 

6-9I  SUCCCCOS 

($1  noviNB  me  rm  tm  tm  loti 


ro  C4«  020  IM) 


Ml  TO  (Si  S62  t) 


(1)  GMSPtlC  OTMlO-l 
6>29  SUCCCCOS 

(21  iiriiNC  PTiMtio-)  pffon  oss  m 


TMrlNC  PTPOAlChl  fOQI  ST(CK-I2 
(9)  L£TriMC  CO  or  PTMIO-I 
OOOtNC  ATPM1]0>1  m  TOflLt-1  (PQSl 
6-29  SUCCCCOS 
C-29  SUCCCCOS 
6-19  SUCCCCOS 
6*19  SUCCCCOS 

(4)  mite  me  roon  rios  $12  looi  to  (4I6 


($1  CP(«P1NC  BLOCK*! 

6-17  SUCCCCOS 

rwi  TO  (91  604  1091  (MBLAPS  ROCX-I  UITN 

PTMtlD-t 


<$)  Lcrr/»c  GO  or  blxk*! 

C-16  SUCCCCOS 
C-IS  SUCCCCOS 

. GOAL  G‘3i  Gcr»;ocr  aock*i 

9CJCCTIN6  (367  777  01 
LOOKING  AT  (M  777  01 
OCGtON  AT  (302  662  0)  TOO  SWLL 
ffCJCCTlNG  (1003  317  0> 

LOOKING  AT  (1003  229  01 
OrCCON  AT  (94$  2AQ  e>  TOO  9MLL 
■CJCCriNC  (409  130  0) 

LOOKING  AT  (400  130  0) 
ffCGtON  AT  (409  109  Al  TOO  STMLC 
9CJCCTIMG  (994  1(«4  0) 

LOOKING  AT  (690  1064  9) 

OCCrON  AT  (690  970  Of  TOO  SWLL 
LOVING  AT  (269  S8I  0) 

FOUND  PCCIQN  (tSS  $$4  9)  TO  (306  670  01 

. GOAL  C-32  aXK*l  (161  SS9  Ot 

.  GOAL  C-33  CAASP  01OCK<] 

. COAL  C-34  CLC<*Vr  &QCK-1 

C-34  SUCCCCOS 
(71  CPASPImg  rock-1 
C-33  SUCCCCOS 

(91  LirriNc  eLOCK’i  firvT  (3s$  779  oooi  ro  (I6I 

9i9  9) 


TAKIIC  9LQCK’l  FPOn  STACKM2 
(91  LCTTINC  (S  or  8lOCK-t 
AOOING  eiQCK-1  ON  TPSLC-l  (A05) 

C'32  SUCCCCOS 
G-ai  SUCCCCOS 
6*14  SUCCCCOS 

(TO)  nOVlNC  MANO  (AOn  (211  609  100)  TO  (466  920  960) 

(It)  cPASPi*c  aioc) -9 

C-13  SUCCCCOS 

(12)  LirrjNC  aOCr-9  rpon  (396  729  600)  TO  (S2  304  190) 
TAKING  ROC) -9  rPQn  STOCi-U 

(13)  LCTTINC  CO  or  OLOCK-a 
AOOING  OLKK-9  ON  RKK-O  (POS< 

NAKINC  STACK  STACK-IS  ROCK'S  R(XK-0 
G-12  SUCCCCOS 

G'lt  SUCCCCOS 
6-10  SUCCCCOS 

(14)  r07lNG  HAND  tP^  (|S2  4(H  3MI  TO  (49$  929  699) 

(16)  GPASPING  rock-4 
G-9  SUCCCCOS 

(16)  LICTING  rock-4  FAOn  (396  729  400)  TO  (619  3R  9) 
taking  RXK-4  FAVI  SrMCK-t2 

(17)  LcrriNC  CO  or  rxk-i 
AOOING  RKr-4  ON  TARC-l  (AOS) 

6*9  sucacos 


G-7  succtm 

G-6  ftCtCCOS 

(191 107ING  me  rm  (7i9  m  299)  to  am  Kt  m) 

(19)  CAASPINC  RQCK-A 
C-S  SUCCCCOS 

(M  TO  (16$  793  109)  (MCRAPS  ROOCHI  UITM  RQCK*t 
TM  TO  (in  733  199)  OMCRAPS  RQCKH)  MITM  FTWniD-l 
(29)  LCTTINC  GO  OT  ROCKHI 
6-4  SUCCCCOS 
G-9  SUCCCCOS 

.  .  COR  6-35  CCTtlOOr  ROCK-A 
LOOKING  AT  (927  SOS  9) 

OCCtON  AT  (919  SOe  9)  TOO  SHRL 
LOOKING  AT  (749  9  01 
BCCICM  AT  (600  0  0)  TOO  SHRL 
LOOKING  AT  (340  $29  9) 

BCCICM  AT  (392  429  Oi  TOO  SHRL 

LOOKING  AT  (24  670  9l 

FOUND  ACetm  (0  6S2  0)  TO  (366  974  9) 

.  .  .  COR  C-3$  RlT  RKK-A  (72  973  9) 

....  COR  C'37  CPASP  RRK-A 

. COR  C-30  acAAorr  rqck-a 

G-30  SUCCCCOS 
(21)  CPASPING  ROeX-A 
C-37  SUCCCCOS 

(22)  LIFTIIC  ROCR-A  F»OR  (39$  $95  Ml  TO  (72  |7|  91 

TAKING  RXK-A  FKlfl  STACK-12 

STACl-12  OtSAANTLCO 

(23f  LCTTJNG  CO  or  RKK-A 

AOOING  RRK-A  on  TARC-I  (906) 

C-36  SUCCCCOS 

6-3S  sucncos 
G-2  sucacos 

(24)  rCUlNG  HAND  F601  (172  799  199)  TO  (46$  129  Ml 
(26)  CAASPING  ROCX-3 
6-1  SUCCCCOS 

(2$)  LIFTING  ROCK-3  FPOn  (36$  679  9>  TO  (M  979  Ml 

GT  sucacos 

RRT  (1  (VAT)) 


CUMT09  (RXK-1)  (RXK-2)  (ROCK-9)  (ROCK-4)  (RKK-Sl  (ROCK-S)  (RKK-7) 
)R0CK-9)  (aX)>9>  (ROCK-A)  <9TlMn)0-l)  I9TMID-2)  (PTMID-S)  (9T1NV1I0-9) 
C9A6P1NG  (HnNO-1  RKK-3) 

MISAU  (ROCK-e  SITt  LAPCC  905)  <R0CK-1  CROK  BCD  90S)  IROOC-I  $I2C  SHRL  9DS) 
(RXK-2  cacp  CACCN  9DS>  rRXK-2  SI2C  LAPCT  90S)  lROCK-3  CSLOK  »CD  905) 
(RQCK-3  $I2C  LAPa  90S)  (RaK-4  CRV  CPCCN  90S)  (RaCK-4  S12C  LA4TCC  905) 
(RXK-5  CROP  RUC  90$)  (RRK-S  SI2C  lAAGC  90SI  (ROCK-$  CROP  RACK  905) 
(RXK-6  S12C  lAACC  905)  (RVK-7  CROP  RACK  90S)  rRODC-7  SITE  LAPCC  POS) 
IRKK-e  cav  RACK  POS)  (RRK-S  SICC  LAPCC  POS)  (ROCK-9  CROP  R9CK  90$) 
(RRK-9  5I2C  LAPU  POS)  <RQCK-A  S12C  lAPGC  90$)  (PT9A9110-I  CROP  CPCCN  90S) 
(PTAArttO-l  $121  SFMll  POS)  (PrPAffIO-2  CROP  RUC  POS) 

(9T9Ar(It>-2  SI?C  LAAGC  POS)  (PT9AniO-3  CROP  PCD  PQS) 

(9T9AAID-3  SI2C  SnRL  POS)  (PTPAniO-B  5I2C  LAPCC  90S) 

IRVa  (RXK-e  ON  TARC-t  P0S>  (ROCK-I  on  TARC-I  POS)  (ROCK-2  IN  BOK-J  9051 
(RRK-4  ON  TPRC-l  POS)  (RRK-$  ON  TARE-I  POS)  (RKK-6  ON  TARC-l  90S) 
(ROCK-7  ON  1A0LC-)  POS)  iRKK-9  IN  BOX-1  90S)  (RKK-9  ON  ROCK-9  90S) 
(ROCK-A  ON  TARC-l  AOS)  fBOM-t  ON  TARC-I  905)  IPTPANID-I  ON  TARC-I  P0$> 
(9TPAnlI>-2  ON  TARC-I  POS)  (PT9Afl|0-3  ON  TARC-I  90S) 

(9TPAfiI0-B  ON  TRRC-I  905) 

M«St2C  (RXi  O  am  39A  |09)  (RRK-1  tW  199  IM)  (ROCK-2  299  299  2991 
(RRk-S  :(«  3^()  300)  lRXic-4  209  209  299)  (ROCK-S  990  199  400) 

(RRK-6  rc<0  2(X)  290)  iRRIl-7  200  200  209)  (ROCK-S  290  209  299) 

(ROCr-9  299  2(N1  299)  (RX)-A  290  2S0  190)  fSOX-l  699  690  1 ) 

tPTPAniD't  ICO  199  190)  (PTPAr(I0-2  390  299  299)  (9T9ANI0-9  199  199  249) 
(PtpafiID-B  «N)  229  )()9t  (TflRE-l  1209  1209  9) 

INSTACK  (RXi-O  5)ACK-I5)  (RXK-S  STACK-lS) 

ISA  tRKK-(^  RXF)  (RXK-l  RXK)  lRXK-2  RKK)  (ROCK-3  ROCK) 

(RXF-4  RXK)  IRXK-S  RXK)  (RXK-6  RXK)  IRKK-7  RXK) 

(RXK-BRXK)  (RXK-9RXK)  (RXK-A  RXK)  (BOX-)  BOX)  (HNO-)  HAND) 
(PTPaFIID  !  PTPordD)  iPl9AniD-2  PTPAFIID)  (PtPANID-I  PIPAHIO) 
l9TpAf1ID-9  PtPNIlO)  ITfRC-I  TARC) 

LXAT  fRXK-9  2  2S4  9)  (RXK-I  I6I  SSS  9)  (ROCK-2  M  M  D 

(RXK-3  9C«  67m  son)  iRRlc-4  $10  300  9)  (ROCK-S  $4S  216  9) 

(RXK'6  100  0  9)  iRXK-7  490  9  9)  (RKK-9  1009  M  I)  (RXK-9  62  M  lOD) 
(RXK'A  72  673  9)  (BOX-)  699  690  9)  (HNUD-I  40$  029  1299) 

(PTMID-l  SS  562  9)  (9lPAfl|0-2  M  229  9)  (9TM4ID-3  M  9  9) 

(PTWIID-B  1B3  974  9)  (TARC-l  9  9  9) 
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KUN  Tire  39  niN.  919  SCC 


eVAH 

TPT 

riPC 

IPIACT 

6/r 

in 

T/r 

6494 

1993 
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4919 

S.41 

3  27 

1.65 

9.361 

1.19 

1.95 
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SCC  AWC 

2718  IMSCffTS  2183  OCLCTCS  828  UMmiMCS  24  NEW  (SJCCTS 
npx  iSTFX  ICMCTH  172 

me  (rRCe  rULDi  rs729  .  1289)  USED  <9991  .  17781 
riKCO  91  OUT  or  468  pms 


NiifTH  sccrcrrTi  rirriMC  TO  ocf  »CKur  Him  a  otrrcKtKC 

AOOINC  sire  LAACC  (POS»  TO  PTPflflKhi 
AOOINO  PTAW110  PTAMIfO-B 

22  imjr  Tcif  IS  •  put  it  ooun  • 

OBJ-i  Ptrm  PTPAflio  e 
STAHTINC  CT  PUT  PTPnniO>e  OOMH 
GOPL  C-1  CCTfflOOr  PVTWUCHS 
iOOKlNO  AT  1982  ISS  At 
ATGfON  AT  <04$  1C9  9)  TOO  SHALL 
LOOKING  AT  (GSO  S9S  01 
KGION  AT  (680  S$4  Ot  TOO  SHALL 
AEJCCTINC  <620  283  0< 

LOOKING  AT  <620  216  0) 

OeCICM  AT  <680  2C0  8)  TOO  SHALL 
HCJCCTINC  <870  1849  01 
LOOKING  AT  <680  1049  8i 
ffCCION  AT  (680  970  <T I  TQO  9V1L 
LOOKING  AT  <069  224  0) 

OCCIGN  AT  (04$  288  8)  TOO  SHALL 

LOOKING  AT  (130  9S3  01 

OeCION  AT  <0  SS4  01  TOO  SHALL 

OCJCCTINC  (369  929  01 

LOCKING  AT  (389  970  81 

OeCtON  AT  <382  970  01  TOO  SHALL 

LOOKING  AT  (91  24  81 

OCCION  AT  (8  0  01  TOO  SHALL 

LOOKING  AT  (103  10S3  Ol 

POUND  OCCION  <0  978  ni  TO  (608  1280  •) 

.  goal  C>2  put  PrPAHrO  O  <($  908  81 
.  .  COAL  C-3  C^SP  PTPAHtO-0 

GO  succceos 

(0)  LiniNG  PTP<8<10-0  rPOH  <495  1S8  3081  TO  (IS  908  91 
(II  icrriNG  CO  or  prPmjthB 
ADDING  PtPCVdO  O  ON  TAOLC-l  <P05I 

G-2  succceos 
G'l  succceos 
6T  succceos 

■m.r  (1  (CRATIl 


24  tim  TC11  is  *  PICK  IP  TIC  LMGC  KD  MJXX  * 

(BJ‘l  AH9ID  L4>l  BLXK-8  aaCX-2  ... 

OBJ-1  rertps  aocRO 
STINTTINC  CT  PIC>(P  BLOCK-3 
60AL  C-1  CPASP  BLQCK-3 

.  goal  c-2  acAAvr  blkk-3 

.  .  GOAL  C‘3  GCftlOOr  8L0CK-A 
.  .  .  GOAL  C-4  CPASP  BLOCK-A 

.  .  .  .  COAL  c-s  CLCAPorr  block-a 

. COAL  C-S  CCTPIKP  BLCTK'A 

. GOAL  C>7  CPASP  aOCK-4 

. GOAL  C'B  acAporr  aoDc>4 

. COAL  G-9  CetPlDOr  BLOCK-S 

. GOAL  C-18  CPASP  aXK-S 

. COAL  G-M  acAPorr  axK-s 

. GOAL  C-12  CCTPIOCr  aXK-l 

. GOAL  6-13  CPASP  BlOCK-1 

. goal  6-14  acAPorr  fcocK-i 

. GOAL  6-IS  CCTtIDOP  PTIMIIO-1 

. GOAL  C-IS  CPASP  PTPAHID-I 

. COAL  G-17  acAPorr  ptiahid-i 

G-17  succceos 

(91  (O/ING  HAND  riOH  ms  1999  1991  TO  (4«6  029 


(II  GMPING  PTtAHIO-1 

c-16  succceos 

LOQCIMC  AT  <SS6  SOS  91  j 

leCICN  AT  (S86  978  9)  TOO  V«LL  j 

KJCCTIIC  (949  982  91 

LOOKING  AT  (949  888  91 

KGION  AT  (94S  SS4  9l  TOO  ««LL 

LOOKING  AT  (486  StI  91 

roWD  BCCION  I4G0  429  91  TO  (699  899  91 

. .  GOAL  6-19  HH  PyPAHIO-l  (497  449  91 

. GOAL  C-19  CPASP  PTMHIO-I 

8-19  sucacos 

(21  LIFTING  PTWHIO-I  nOH  (359  779  9991  TO  (  | 

H7  449  91  i 

TAKING  PT«AHlO-t  FtOH  STADC-12  | 

POOING  PTPAHIO-I  ON  rPOLC-l  (POD  j 

(II  LCTTING  GO  OP  PTMHIO-t 
6-19  sueneos  i 

6-is  succceos  j 

6-14  sucaros  ] 

(41  (WING  HAND  rPOH  (Sl7  499  199)  TO  (4C9  929  9991  j 

(Si  GPASPINC  ILOCK-I  »  i 

6-13  sueneos 

irJCCTING  (293  IS3  91 

lOOclNG  AT  <283  288  9l  . 

PfClCM  AT  (8  280  91  TOO  SHALL  [| 

RCJCCTINC  (214  S87  81 

LOOKING  AT  1214  SS4  91 

FTMC  tCClCM  (8  SS4  91  TO  (389  979  91 

. GOAL  0-29  njT  9L0CK-1  I1S4  SS9  91 

. GOAL  C-21  CPASP  aOCK-l 

G-21  succceos 

(9)  IfFTJNC  BLOCK-t  TVOI  (IS9  779  9991  TO  (1S4  SS9  0 
taking  9LQCK-I  f(N)R  STlCK-12 


K 


VM» 


4 


tMcumMw  fon 


C71  UTriNC  CO  or  aaoc-i 

miNC  OLOCK-l  ON  T^-l  (PQSI 

e-20  ftjcccros 

G-U  SUCCCCOi 
C-ll  SUCCCCDS 

(•I  rwiNG  HAND  rinn  <m  tm  lioi  to  <m  «t«  mi 

Ol  GMSPING  aOCK-9 
G>lt  SUCCCCDS 
lOCKItft  AT  (M  99S  A) 
rCGlQN  AT  r^lS  S7A  tf)  TOO  9«U 
NCJCCTINC  M  Al 
LOOKING  AT  (420  S79  $1 
ACCION  AT  MIS  GS9  A1  TOO  SNRLL 
PCJCCTINC  1IA57  94$  At 
LOOKING  AT  CIA57  GAA  A) 

*  KCION  AT  (04$  SS4  ei  TOO  9MLL 
•CJCCTING  (9»  948  A1 
LOOKING  AT  IM  348  A) 

■CCICM  AT  184$  316  A)  TOO  STKCL 
■CJCCTJNC  116$  1013  A) 

LOCKING  AT  (IGS  988  A) 

ACCIQN  AT  (0  97Q  Ai  TOO  STWLL 
PCJCCTINC  1612  10$}  8) 
rikOSPflCC  LIHIT  CiCCCOCO 

. GORL  C‘22  CAASA  aQCK>9 

6-22  SUCCCCDS 

rouND  AcclOf  acAATOP  aar-8 

. GORL  C-23  PUT  aOCi-S  ($2  384  1A8) 

. COAL  c-24  caa$a  aacK-9 

C’24  sucncos 

1181  LiriiNG  aocr-9  rm  tm  tza  mi  to  (SC  sh  iaai 
takiic  aocK-s  fm  srAcr-ic 
Mil  LCTTING  GO  OF  aOCK-9 
ROOING  aaK-9  ON  aOCK-8  (AQSI 
hRKING  STICK  STACK- 13  aOCK-S  aOCK-A 
&-Z3  SUCCCCDS 
C-9  SUCCCCDS 
6-8  SUCCCCDS 

M2I  NRNO  rson  MSZ  484  3881  TO  <486  828  8881 

M3)  CAASAING  aOCK-4 
C*7  SUCUCOS 
LOOKING  AT  f3S9  4S  8) 
iCCIGN  AT  (3A2  429  A>  TOO  SINCL 
LOOTING  AT  (736  ?A$  8) 

8CCI0N  AT  <688  M  8)  TOO  $P«LL 
KXCTING  MA44  423  A) 

LOOKING  AT  MA44  429  Al 

RCCION  AT  t84S  423  A1  TOO  SNRLL 

LCOClNC  AT  148  922  Al 

f0U40  ACGION  (8  8S9  8)  TO  <386  988  8) 

. GORL  G-2S  PUT  aOCK'4  <14  782  ft 

. COAL  G-28  CAASA  RKKM 

G-28  succcros 

M4)  lifting  aOCK-4  FAOn  <38S  728  488)  TO  <14  782  8) 

TAKING  a«XM  fW  STmCK-12 
MSI  LCTTING  GO  OF  aar-4 
ADDING  aOCTM  ON  TAaC-1  <POSI 
6-26  SUCCCCDS 
6-8  SUCCFEOS 
G-S  SUCCCCDS 

MCI  fVUfNC  HMO  FAVt  M(4  882  2881  TO  <488  «f  4881 

M7)  caasainc  aax-A 

C-4  SUCCCCDS 
LOOKING  AT  ri3S  M  A) 

ACGION  AT  (A  SS4  0i  TOO  SHALL 
ACXCriNG  (739  961 
LOOCING  AT  fSW  963  m 
ACCION  AT  (6M)  982  81  TOO  SHALL 
ACJCCTINC  (9$  4)8  Pi 

•  LOCKING  AT  4)8  Al 
ACCICN  AT  (0  316  ni  TOO  SHALL 
ACXCrtNG  M7I  340  Dl 

LQOr  iNC  AT  (171  2S4  81 
r  KCION  AT  <0  208  81  TOO  SHALL 

NCJCCTING  (2S2  $94  Ai 
LOOKING  AT  (2$4  $94  8l 
KCION  AT  (rS4  $$4  8i  TOO  »1ALL 
LOWING  AT  ($87  833  Al 
•tCION  AT  fS67  6$9  Al  TOO  SHALL 
riNDSAACC  LIHIT  CVCCCOCO 
.  .  .  COAL  C-27  CAASA  a«K-A 
C-27  SUCCCCDS 
LOOKING  AT  (23  3S4  tA8l 


KCION  AT  (2  2S4  188)  TOO  WfLl 
LOWING  AT  176  268  1881 
tCCfON  AT  tZ  2S4  IA8I  TOO  MIL 
LOWING  AT  (168  294  1881 
■CCION  AT  (2  2$4  1A81  TOO  MU 
HCJCCTINC  (71  363  1881 
LOWING  AT  ($2  363  1881 
KCION  AT  (2  2$4  188)  TOO  SWLL 
LOWING  AT  (S  387  1881 
ICCICN  AT  (2  2S4  1881  TOO  SnaL 
KJCCTINC  <148  328  188) 

LOCKING  AT  (|48  384  |881 
KG1CN  AT  (2  264  188)  TOO  SHNi. 

KJCCTINC  (77  368  188) 

LOWING  AT  (S2  368  188) 

KCION  AT  (2  2$4  189)  TOO  MLL 
FHOMCC  LIHIT  CTCCCOCO 
C-3  CiNAUSrco 
(17)  LCTTING  GO  V  aOCK-A 

(IS)  HDUING  )M«  r0Ql  M«  828  «88)  TO  (114  882  288) 

(IS)  CPASPiNG  aacK-4 

(14)  LIFTING  aOCK-4  FPOH  (14  782  8)  TO  (188  728  488) 

RODINO  aKr-4  ON  aOCK-A  (P«) 

AOOING  aaCL-4  TO  S1RCT:-I2 
.  .  .  GOAL  C-2S  KTPT  CCTAIDOF  aOCK-4 
.  .  .  .  C9AL  G-28  CAASA  aOOC-4 
C>2t  SUCCCCDS 
LOCKING  AT  (461  $47  8) 

KCION  AT  I4)S  429  81  TOO  MLL 
LOWING  AT  ($43  373  8) 

KCION  AT  ($46  3)6  8)  TOD  MLL 
LOWING  AT  18)6  $73  8> 

KGICN  AT  (680  $$4  81  TOD  SHRU 
LOCKING  AT  tS38  $18  8) 

KCION  AT  (688  429  8)  TOO  MU 
LOWING  AT  (61$  148  8) 

KCION  AT  (688  189  8)  TOD  MLL 
KJCCTINC  (88  327  81 
LOWING  AT  (88  264  8) 

KCION  AT  (8  288  8)  TOO  MU 
KXCTINC  (278  1831  81 
LOCKING  AT  (278  988  8) 

KG10N  AT  (2$4  970  8i  TOO  MLL 
LOWING  AT  1971  197  81 
KCICN  AT  (84$  189  #1  TOO  MLL 
riNDSARCt  LIHIT  CXCCCOCD 
.  ...  COAL  G'29  CAASA  aOCK-R 
C-29  SUCCCCDS 
KJCCTINC  (92  376  188> 

LOWING  AT  (S2  37$  188) 

KGIQN  AT  (2  2$4  1881  TOD  SHRU 
LOWING  AT  (8  28)  t081 
KCIW  AT  (2  2$4  imi  m  MU 
LOWING  AT  069  269  188) 

KGICN  AT  (2  2S4  188)  TOD  SHRLL 
KJrCTING  (89  330  108) 

LOWING  AT  (89  384  108) 

KCION  AT  (2  2S4  lOei  TOO  MLL 
KJCCTINC  (72  419  1081 
LOWING  AT  (S2  419  100) 

KCICN  AT  12  2S4  )88>  TDD  SHRLL 
LOWING  AT  ($8  412  1081 
KGICN  AT  (2  2$4  100)  TOO  SHKL 
KJCCTINC  (142  36$  180) 

FINDSAflCt  LIHIT  ClCCCOCD 
.  .  .  .  COAL  G-38  CAA6A  aOCK-4 
C'38  SUCCfCDS 

FOLND  KGIW  aCRATOA  aWR-Z 
.  .  .  .  GOAL  C-3I  RUT  aaCK-4  (800  600  281) 

. GWL  C-32  CAASA  aKK-4 

G-32  SUCCCCDS 

(141  LIFTING  aOCK-4  FAOH  (386  728  488)  TO  (M  M  281) 
TAKING  aOCr-«  FPOH  5TiOC-l2 
MSI  LCTIING  GO  OF  aKK-4 
ROOING  aCCK-4  QN  aKK-2  (AOS) 

HAKiift  STACK  stack-14  aocT-f  aooc-2 
G'3I  SUCtItOS 
G-2$  SUCCMDS 
C-6  SUCCCCDS 
G-$  SUCCCCDS 

(16)  (WING  )4AND  rffon  (988  788  48l)  TO  (488  K8  488) 

(171  CAASAia  aOCK-A 
G-4  SUCaCDS 


n-ift 


M 


R 


LOOrilB  M  CCS  cc  Cl 
MCCION  AT  1C  C  Cl  TOO  >WU 
CKJtCTINC  (9CC  no  Cl 
LOOKINS  nr  rcM  sec  Cl 
Rcciow  AT  iS4s  ss4  Cl  TOO  snn.L 

AC.itCT|NC  ISIC  IS9  Cl 
LOOKING  AT  ISIO  !tO  Cl 

KSioA  AT  csw  zee  Cl  TOO  am 
KJtCriNC  C7»  930  ei 
LOOKING  nr  (GW  93C  Cl 
KCION  AT  CCW  GS9  Cl  TOO  STMLL 
RCJECTING  190  «41  01 
LOOKING  AT  (7  443  01 
KCIOM  AT  10  4Z9  Cl  m  9W.L 
CejCCTINC  (4|Z  771  01 
riiCSMCC  LiniT  EICCSOCO 
•  ■  •  COAL  C-33  censp  OLOCK-A 

c-31  succceos 

LOOKING  AT  I4Z  37G  ICCI 
KCCtCN  AT  IZ  ZS4  IMI  TOD  SHALL 
LOOKING  AT  <eS  Z94  inCI 
KCION  AT  IZ  ZS4  imi  TOD  STMLL 
KJCCTINC  190  333  1091 
LOOKING  AT  190  304  lOCI 
KCCION  AT  (Z  ZS4  lOCl  TOO  SHALL 
LOOKING  AT  laZ  ZOl  1091 
RCCION  AT  IZ  ZS4  1001  TOO  8MLL 
KJECriNG  197  314  ICICI 
LOOKING  AT  197  304  |(«l 
RCCIOM  AT  ZS4  loei  TOO  SHALL 
LOWING  AT  1103  ZB3  lOCI 
KCION  AT  IZ  ZS4  1091  TOO  SHALL 
KJCCTING  DOS  319  1001 
LOWING  AT  1109  304  IMI 
KCION  AT  IZ  ZS4  IMI  TOO  SHALL 
riNDSAACt  LiniT  OCCCOCO 
C-3  CIHAUSTtO 
1171  LETT  INC  CO  or  9LKK-A 

1161  TWINC  HAM)  rcon  M«6  SZC  AMI  TO  (9M  7W  4911 
IISI  CCnSPINC  R.OCk.4 

1141  LIETINC  SLOCK-4  FCOn  (SM  6M  ZCII  TO  (396  7ZC  4M) 

TAKING  0L0CI>4  rrOH  STACK-14 
STACK-IA  OISHANILEO 
AOOINC  0L0CI’-4  ON  6L0Cr-A  lAOSI 
ADDING  9LaCK-4  TO  STiCK-IZ 

. eWL  C-ZS  KTRT  CETRIOOr  9LaCK-4 

. COAL  c-34  cpfsp  aacK-4 

C-34  SUCCCEOS 
KJCCTING  (34Z  787  IMI 
LOWING  AT  I34Z  S9S  3WI  ' 

KCION  AT  I3M  670  3MI  TOO  SHALL 
KJECIINC  1319  7M  3MI 
LOWING  AT  1319  69S  SAAI 
KCION  AT  I3«6  67n  3MI  TOO  SHALL 
KJCCTING  <33S  736  SMI 
LOWING  AT  1336  696  3MI 
KCION  AT  I3M  679  3MI  TOO  SHALL 
LOWING  AT  I3«6  934  3MI 
KCION  AT  1396  67D  3eni  TOO  SHALL 
KJCCTING  1346  737  3MI 
LOWING  AT  1346  696  3MI 
KCION  AT  1396  670  3991  TOO  SMLL 
KJCCTING  1311  791  3091 
riNP6PACE  LiniT  CTCCCOCO 
. COAL  G-36  CPAST  giKK-4 

C-3S  succceos 

rouND  KCION  aCAPTOA  9LKK-6 

. COAL  C-36  AUT  9iaCr-4  IIM  9  ZMI 

. COAL  C-37  OAASA  &KK-4 

C-37  SUCCCtOS 

1141  lifting  9LKK-4  FIK3I  I3M  7Z9  4M)  TO  (IM  9  ZWI 

Taking  9lxk-4  faw  stmck-iz 

1161  ICTTING  CO  or  9LKK-4 

AGOING  9L0rK-4  ON  OLXK-C  lAOSI 

HAKINC  stack  stack- is  BLKK-4  tLOCX-S 

C-3G  succeeds 

C-ZS  succceos 
c-s  succceos 
c-s  succeeds 

MSI  HOMING  HAND  TPOH  IZ99  IM  4MI  TO  I49C  iZ9  4MI 
1171  CPASPINC  BLKK-A 
c-4  succceos 
KJCCTING  I9G9  SZ4  91 


tmiNC  AT  ISM  GM  91 

mnM  AT  104$  SS4  91  TOO  aau 

LOWING  AT  1139  95S  91 
new  KCION  19  css  91  TO  (IM  IM  91 
•  ■  •  GOAL  C-31  AUT  B.XK-A  (ZS  TIC  91 
■  ...  GOAL  G-39  WA9A  aLOW-A 
C-39  SUCCCEOS 

(III  LIFTING  H.OCK-A  FIOI  (110  MG  Mil  TO  (IG  Mt  91 
TARING  &OCK-A  FROn  STACK-IZ 
tTACK-IZ  DlaMAfTLEO 
(191  LETTING  GO  OF  aOW-A 
ADDING  ILOCK-A  HI  TIMLC-I  (NODI 
C-39  SUCCEEDS 
C'3  SUCCEEDS 
C-Z  SUCCEEDS 

IZ9>  lOJINC  MM  MW  (IZS  K7  IMl  TO  (4M  SO  IM> 

(Zll  OMSAIIC  K.OCX-1 
G-l  SUCCEEDS 

(ZZI  lifting  R.aCK-3  MW  (IM  979  9l  TO  IIM  979  9MI 
CT  SUCCEEDS 

9ERT  (I  IWATII 


(UMTOA  IRKK-ii  igLDCK-ZI  ISLOCK-ll  (BLOCK-AI  (SLOCK-SI  (9L0CK-7I  (9LaCK>9l 
IRKK-SI  (BLKK-AI  IPTAAHID-II  lATNAHID-ZI  IPTOAHIO-II  (ATIM1I0-9I 
C9ASAINC  IHAND-I  9LKK-3I 

HKSAAI  ItLOCT-D  SIZE  LARGE  AOSI  (R-DCK-I  (OLW  ICO  AOS)  (■.OCK-I  SIZE  SHALL  AOSI 
IRKK-Z  CDLOA  CKEN  l>DSI  ISLKK-Z  SIZE  LARGE  AOSI  IGLOCK-l  CGLW  KG  AOSI 
IROCK-3  SIZE  LAACE  AOSI  igLXL'-4  CXO*  CKEN  AOSI  IXOCK-I  SIZE  LANCE  AOSI 

liLKK-s  caw  ax  adsi  irkk-s  size  lance  adsi  irock-s  caw  rack  aosi 

IROCK-6  SIZE  LANCE  AOS)  IRXK-Z  CRW  RACK  AOSI  IRDCK-7  SIZE  LARGE  AOSI 

iRocK-s  caw  aicK  pos>  irxk-i  size  large  aosi  irqck-9  crw  rack  aosi 
IRXL-S  SIZE  large  aosi  IRXk-A  size  large  aosi  INTIMIO-I  caw  CKEN  AOSI 
(ATRWID-I  size  SmLL  AOS)  lAIAAHID-Z  CRW  RUE  AOSI 
(NTRNHID-Z  SIZE  LANCE  AOS)  IATRAHID-I  CROR  KD  AOS) 
lATRAHID-S  SIZE  SHALL  AOS)  IATRAn|>B  SIZE  LARGE  AOSI 
NMICL  (RXK-e  ON  TARE-I  AOS)  (RXK-I  ON  TARE-I  AOSI  IROCK-Z  IN  flOX-l  AOSI 
(ROCK-4  ON  ROCK-6  AOSI  IROCK-S  W  TARC-I  AOSI  IROCK-G  W  TARC-I  AOSI 
(ROCK-T  W  TARC-I  aosi  IRXK'9  IN  lOI-l  AOSI  IROCK-9  ON  ROCK-9  AOSI 
IRXK-A  ON  TARE-I  AOS)  IKH-1  ON  TARE-1  AOS)  INTWHIO-I  ON  TAGU-l  AOSI 

iatrahid-z  on  tare-1  AOS)  iatrahio-i  on  tarx-i  aosi 

lATRAHID-B  ON  TARC-1  AOS) 

HASSIZE  (RXK-e  390  3(0  toei  IROCK-i  IM  IM  IMI  (ROCK-Z  ZM  ZM  ZM> 
IROCK-l  Z90  396  3901  iRXK-A  ZM  ZM  ZMI  IROCK-S  3M  IM  4MI 

IROCK-6  ZM  ZM  ZMI  IRXK-7  ZM  ZM  ZMI  (ROCK-9  ZM  ZM  ZMI 

IROCK-9  Z99  ZM  Z99I  (ROCK -A  ZM  ZS9  IMI  IHK-I  SM  9W  1 1 

IATRAHID-I  IM  IM  IMI  lATRAHID-Z  3M  ZM  ZM)  INT1(AH|0-3  IM  IM  ZMI 
(ATRAHIO-B  4M  ZZe  190)  ITARE-I  IZM  IZM  01 
INSTACK  (RXK-0  stack-131  lROCK-4  STACK-ISI  IROCX-f  STNCK-ISI 
IROCK-S  5TACK-13I 

ISA  IROCK-O  ROCK)  IRKK-I  RXKI  IRKK-Z  ROCK)  (ROCK-S  ROCXI 
IROCK-4  ROCK)  IRKK-S  ROCK)  IROCK-6  ROCK)  (ROCK-?  RXKI 
IROCK-9  RKLI  IRKK-S  ROCK)  IRKK-A  ROCK)  IMX-I  90X1  (HAND-1  HAND)  i 
IATMH)D-I  ATRAHID)  IPIAahID-Z  ATRAHIDI  lATlAHlO-i  ATGAHIOI 
(ATRAHID-B  AIRAHIDI  ITARC-I  TARCI 

LOCAT  (RXK-e  z  ZS4  e>  irock-i  isa  sss  ai  irock-z  9M  sm  ii 

IROCK-l  396  S70  IMI  iRaCK-4  IM  9  ZMI  (RXK-S  546  ZI6  91 

(RaCK-6  IM  9  0)  IRXK-?  4M  9  9)  IRKK-a  )0M  9M  II  igLOCK-S  SZ  994  IMI 

(ROCK-A  Z6  70Z  91  IBOt-l  6M  EM  91  IHAND-I  496  BZO  IZM) 

lAnaAHIO-l  467  449  91  (ATRAHID-Z  9M  ZZ9  9)  INTHAHID-I  IM  9  9l 

lATBAHID-a  IS  SM  91  ITARC-I  9  9  91 


1491 


l«BA  L9H 


4INI 


44X1  lOtt 


IGR 


1094 


H 


VM» 


j 


rr 


mm  Tire  hin.  47.9  see 

CXM1  TST  fist  i«<T  e/r  t/t  i/r 

41U  tsis  9*2  3SS9  4.41  2.7*  l.fl 

•.sse  rsM  i.M  •.4#i  KC 

2M6  IM5CRTS  ISM  KLETCS  S17  IMMIINU  2S  ICM  OMXTS 
mx  ism  unctm  174 

CORE  CFSCC. Patti  f74CS  .  tS47l  UKD  («U  .  14441 
^  PIMO  S3  GUT  or  4iS  MOOS 


TOP  Ltm  ASSOT  (TCST  t  lOUOn  TB 
INKttwomSTl  T|  VI/ 

II.  Tl-I 
usnortsri  t) 

MVatlMO  (SCMP  W  LI .  0  (ttMYCMCS  t>  U  RIOMil  tl-M  fINPMMK  «.  |} 

(Torr  I  (PUT  r*c  •maii  mt  a.oai  m  m  ate  aoatn  mptop  u-i  Pi*tl 

aOMTPMtairrVPM  TMISQTIC  TMiaVrer  T}.| 
ftcpror  n-i  M.tiaqK0*4>tia.crrep  m.i  •f-osqiioQi  •f<i| 

SCTtcr  if^t  es- 0 (iqm oc- 1) acTW  «. i  r?- 1) aqnc  T7<i) 
atr  rop  T  r.  I M.  ti  (toatt  h-  0  sir  top  m-  i  m*  ii  asaw  ii 
SfPttf  MIK'D  •»/ 

13.  Ml  ‘tCMILf* 

lapa  (KAK  iw  Ll>  D  SNDMMV  Lf  •  D  SEPTOP  U*  I  P  I- 1| 

(TtvT  1  (Pin  Tx  KMii  Ko  aoot  ON  Tx  aa  aoaoi 

TMCIMO 

I  iipin  rtxY  i8*an  rx  SMaLKoaoaiSNTicaaaocR* 


WMMINB  (T)  aKAOV  LNMt  TUCHA  •• 

iMsrtr  im  (SCAN  p  t  •  D  (scAx  in  p  mkndt  (kanp  in  ic-  id  (MKRv  oi  crtACiNO  ri 

GtCT/S44/ 

13.  644.1  ‘TVTINir 

USING  (SCAMPI.  DffqPUTPl.iKKinCNCt  t-D 

jNSCsriMs  (lupfvpc  s- 1  PUT)  rvoasiQ  p|.i  airi  s xpf cfyeo  s*  i  oonso 

OMKCnMOS.!  iXlCXPCCTMeOft'l  eN)(lfttMPtiP|.|)(6TVPC0t-D(0SI  S-l) 

{MOT  (SCAMPI.  1)1  aOT  (IQPUT  Pi  IB  MS irfcKSPMSTi HOI HH iSin a IMWPMm H3PI K3 
MSI6KK4N»AMi  IMS3iiMHMK34r34|T7lT7IWKOMOIIKI>KSOtlS4MISIMSS  ItlMTlftKSSA/ 

•  1/ 


IS.  ti.i  *scANeir 
USING (scAxtMPi  DatPTa  pm  ts.d 
WRITING  (SCAMTf.lKSCAXINtS.DWOTtSCAXlNPl.m 
64Sr>AlSntT/T>4/TTirnTS|TSITSTTS4X3/G440l/ 

naenv 

otj.f  anis  aooi-i 


swot  los  lost 


VMMiMccnaKApviMorv  rtACiNO  •» 

noriTiNc  (Krrts  omj  a  oci»)  rrsAcws  ry  (not  fpcw  oai'f  •t' m 

WOT  (I  noposs  oGi'T  aocK.oi)  sssissomiti vst/Ptssssitms  istsatf 

IST.  Sl  l  *DCrMT* 

USING  (vp(n  OMT  aocKO)  (cunsi  oms  om  d  (HAssn.Moap>i  on  pgsi 

RKKFOGi-l  04*11 

WKST  IMG  (KIKITSCHI  QOi.  I  B».  I  ON  aOCX-S  POf)  (OMSJP  OSJ-S  OM I) 

{aovfoo/n  oioi/ 

lOS.  SIOM  laHSTRIlO* 

USING  (Kiasrtcx  ooj.  i  os.  i  cm  aoar.o  pgsi  (ittioKi  ox 

INRfTlNG  (CMAIimi  CM  aOCX-S  OMaOCV'S) 

(Kiasncx}  oGJ*  I  os-  i  CM  aooc.s  pos) 

(NormivsrRx  eoj.i  of.i  oNaoai.iPoiNtiaxieBXioixiMt3iti70iB6 

iifiiif/sio/ 

Its.  SIS- 1  ~IIlOO«Ii«C' 

USING  («i«sricx7o«i.i  OS-1  oNaoa.9Pos)(Krmoii.i  aocs-D 

INUOT  IMG  (Kl  IMCOMiT  OSi- 1  OS- 1  ON  aOCI(.»  PCS) 

WOT  (KlICSTICXr  OGA I  B|. I  ON  aCOT-S  PCS))  CSI/ 

ISO.  tSM  'TIAatlX* 

USING  (Kl  INCCMT  OOi*  I  SS- 1  ON  aOCK.t  POK 

TSACWG 

KlINCON  OGA  i  01- 1  ON  aOCX-S  POS 


W«MING(r)aaPOtVM«t  TtACING  ». 

nattiiNG  (VI  lucoN  ogj-  i  ss.  i  on  aocs.i  Pos)  hsacino  19 


Ifl.  NSM  *Vl  INCSN  IMP* 

USING (V\ IRON OGA I  ss. I  ON aOCX  I POS) (081  S'!) 
ffXPCCrwOOS.ION) 


MIMII/Msinxi/ 


I. 


eiTAfU»fMeif«IMl«Sl  TtfTI 


nanriNOCttMCl  n  ONtlOCR-t)<l»TOKlllCMiQIU-l  M-I  CMKOO|.|#Dt» 

miS4«f»ie9MfaM9«a9WAfl*ll9MSMfVMM»m7V3M9VimiV30VlfViy«lflMna 
takO  II«9AG9C«I4S  1  >14/ 

m.  14.1  tcAMFiir 

MtNO  <SCM#  in  B9.  t)  (If f  TQT  Bf.  I  «.  0  (INBMMi  «•  1)  (HUTCIICC  B-  I) 
l»ttCBTlll6(>»ttOkM>«C-l)CSCNT0eUOf-l|(IIOTtaCMfmOB-m  BMBUBS7B9S/ 

in.  BBB.I  iipmDaioo* 

UltMB  dMWMB Bf . 0  (Cimjr  oni  MAIIB 

tkac«Tii«(aMjn».i  uaiib  m««ivii«mnir«»iAiiMai/iki>Bu/BttAMtiii 
kfBrtiMiBti/ 


IMCBTlNaaOCATCSMa  rm-l  100  too  1001 

(bO(«M.r  mM  BvMMiOwi  100  looaMmBo 

(MOT  (riNDiOKt  Tm*i  BvMto-i  too  100  toon  qoir/qoi/ 

t  m  oiM  lecATf  sTAir 

UiiNo (locAn^Mc  TMtc-i  too  too  looiaoeoT  rm*i  ooo> 

(hmbiic  tabic- t  iKo  moot 

iNtttTtNGiniftiowBAii  tooTOAMio-loo  itoo  ttooooom  too  too  toot 

BAT  A.0CATC»ACX  TMLC-I  OTBAMIO-t  lOO  100  1000  OH^BOOHBBBiim< 

1 101.  on- 1  low  Mir 

uiiMOBtiaowMii  iomMiio>ioo  ifoo  iiooonom  lOo  loo  mi 


104.  091-1  lAONDUNOO* 

UBIM8  (IWtOUIB)  M- 1)  (CUOQOJ  OOi-t  OBi-tl  (BCTCBS  OBi-}  BLOeX-lt 

iNonrm  twr  (omoj  ooj-x  QBi-i»  BM04409Aci4ie99/B4nuof4oi«i^Mn/ 

m  U71-I  ‘1M400J* 

lAiNO  (nnrooiM)  s- 1)  ccsi  t-  it  (iumil  t-i  on  OLOOc-ti  (omoj  ooi>i  maho 

(0C/Ct9  0BJ-l  BLOCK- 1) 

iNBctrindMooB/s-i  tt.ocK-1)  MeoMOJAin/ 
lOe.  Mt2-i  ‘cwo^toir 

UOINOISCNTBOUNOS-IKIMATMC  9- 1  *Ut)  (IMMBj  $.1  BLOOI-0 
(IMMCLS-I  ON  BI0CK.9)  (ISA  BLOCK.)  OLOCIQ 
INSCOT  INC  (WfiOINtr  GTt  (»UTON  OT  BLOCK.  I  aOCX-9) 

(O«CK»UT0N  BLOCK- 1  ONOLOCR-S)  MOO/ 

107.  MB9-I  'WBAINtr' 


IMCtNO 

LOOKINO  ATCBMBMO) 


WMNIIC  (n  ALOCAOr  IMOCt  roACtOO  •« 

INKOTlNOOmOWMAVKAMlD-l  DUOO  1100  0) 

(riNDLOWrmAMtO-l  0  1100  0  179  OtaOWK  tOMIMHO-tO) 
aOWT  lOATtAMlO-l  0) 

(GOOWTortTO  )OBmM|(>.|  oo  IIOO  llOOOBieaTl  lOO  too  100) 

(NOT  triNDL0N7AtK  I04YMMI0-I  00  1100  HOOOffOBTt  fOO  100  100)9 
(TBACtNCT)  Q6f0S909)/ 

1101  099-1  lOWK' 

UB!NC(MI4)L0W)(AVIAM)0-I  0B70  0  )100  0)(LOWN  IOOfMMl».|  0) 
(lOCAt  BLOCK  !  400  0  0)  (HASSltC  BLOCK-!  lOO  100  100) 

INUBTtNCaOWX  iOATtAMIO-l  900)(N0T  (LOWX  lOBMAMlO-l  00 


USII«  (WBAINtT  GT)  (Sf  WTBOlMD  9- 1) 

INUITIWQ  (CVINTTIMC  0)  (CHOiaCDUfT  0)(HASi(VfL  6T  0)  (NOT  (WVtNtr  GT)) 

(WOT  (SiNTBOlM)  S- 1))  Wl3wa4Wl9WMW41W49w93W^WMW97Wt7W|7W10/WllWl904004TU  _  _  _ 

147010tW110W9BW91BW9tW40W41W41BWllWHW10W91AW94AW94KWt4WI40WI0W10WltXWl  WAKNING  ( 10  AVtAMlO- 1  fiOO)  ALlCAOr  iMKt  tOWX  •• 

NnM^OWl9WllW99W93O04904l03IQ0100IIK17MV147W14W23rwiOV4WlW}WOTW0SWOGW0rwO«AMI«lC(lO7VtAM10-l  0)N0T  LNDCBIOWM  a- 

INttltlNSaOVK  iOAf«AM)G.|  BOOItMOraOWW  lOOVBMIlO-l  00 


1 109.  0991  \ow  r 

LJBIN6rf)kOiOW)C7TlAMlO.|  otioo  llOOO)aOWN  lOmAMlD-10) 
aOCAT  BLOCK.)  lOO  940  D)  (HASSlIt  BLOCK.)  100  100  400) 


19/100/ 


fn  W19. 1  *pi/TONr 
UBIMQ  (OUT ON  or  BLOCK.  1  aOCR-B) 

TMCINC 

OTABTINOOT  PUIONBLOCX-I  ONTO«.OCK.% 


WABNtllG(l)  AiVAOKlMOCI  TBaCING  a. 

f4ae«riNQ(4UT0Ni  gt  n.ocf.t  aock  vcnot  (putonot  aocK.i  aocK.sn 

(NINT?  OT  (TAlLPUTQni  Qt  BLOCK.I  BL0CK.9)) (TBACINB  T)  W16KW14r /W14/ 

fo*.  no.  I  *pi/T  ON* 

USING  (PinON  I  GT  BLOCK- 1  BLOCK.))  OMSSin  OLOCR-l  100  100  100)  BmCKIL  OT  09 
(MASBtn  OlOCK-9  100  fOO  400) 

TBACIHQ 

goal  G'  I  aCABO//  BLOCK.  I 


1)07.  096-1  ^OWT‘ 

UB)Na(T|iCl0KrrPKttAM10-l  0  11000  ITS  oiaowr  tOBrOAMlP-m 
aOCATBLOCK-l  100  100  0)  (MASSIR  OlOOe- 1  toe  too  too) 

)l«UTlNO(lOWy  lOPTBAMIO.!  10e)IN0T(LeWK  lOBKMMl^lBO 

t  let.  096-1  \ow  r 

WlNGtl)ICLOVY7mM10.1  0  l}0e0  979  0)a0WV  lOBTlMUO-t  0) 
aOCAT  BLOCK  !  400  0  0>  (HASSJ/f  BLOCK  !  lOO  100  100) 

WABN)lB(l0PYK4MtO-l  100)  ALBCAOYLMDCtlOWT  a» 

WABWINGdOPTlAMID.l  0)NOTLMOCBlOKnr  a- 

INBCSTIMtaeWT  lOPTSAMlD-l  lOOOiOTaeWT  IOPTBAMIO-I  OO  OBOOBOOMmV/ 

IIOO.  06T.1  'OtOWtfAOK* 

UBtNe(GBowT07iro  iepTtAMip.i  oo  iioo  iiooobioitb  leo  loo  too) 

nOCITINGtCBOWTOriT  iOPrKAMtO.1  0  0  IlOO  1100  0  BIO  173  100  100  100) 
(OCCKKAIifir  tOPKBAMlO-l  00  1700  I1D00B10  371  100  lOO  100) 

(MOT  (COOnOFITO  lOATKAMIO-l  00  1100  IKO 0  010  STB  lOO  100  100))  000/ 


WABN|WG(T)AlK(ADtlWDC«  TBACING  a* 

INSCBTiNOiaCAtO/F  01  BLOCK.  1) 

(NCNT  0.|  (TINDSBACC  BLOCK.9  BLOCK. I  100  100  IOO»(Hn(VIL  O-t  1) 
(PinONPUT  QT  BLOCK.I  BLOCK.9) (IIACINQ  T)(N01  (PUTONIOT  aOCK.I  •.0CK.9)) 
W3/ 

1 100,  n- 1  "atAt  0/7* 

usm  (ac  AKV7  G- 1  BLOCK.  I)  (MASKCL  MBAMfO- 1  ON  BLOCK.  I  BOB) 

(MASSIIC  BTBAMtO.1  100  100  lOO)  (MASLCTf  L  0-1  t) 

TBACING 

.goal  G.1CCTB)007  PYtAMIO.! 


WABNINQin  ALKAOKLMXBTKAONC  a* 

INSIST  INQ  ((XTBI007  0-7  PVBAMIO.  II  (HASLCVTi  G-l  1) 

MAT  G-l  (atABO/T  C  l  aOCK.|))(NOT  (aCABOrr  6.|  BlOCK-t)KTSAC)NGT) 
V10W19WI9W1 1/ 

I  101.  Wi|.|  'CCT  0)007  STAIT- 
UOINO  (GCTB1007  C  lPKOAMlO  DdSATABLC-l  TABLO 
(NASSlie  AKBAMIP.I  fOO  100  100) 

INSCST  INO  (7  INDSBACC  TABLt-t  7V0AMtO.|  100  100  100) 

(GiTBIOBUT  O-IPTBAWIO.!  TABL(.|>(N0T  (GCTBIOO/ 0.17TtAMt0-(||  094/ 

1101.094.1  ^INDBANOCAI* 

UBINGGINMAACC  TAAC. I  BVIAMIO-I  100  100  lOOKISA  TA«.C-t  TAAf) 


I) 10  090.1  *S)rt9  7)T' 

miNGtCtOWToriT  IOPtSAMIO.!  0  0  IIOO  IIOO  e  BIO  in  100  too  100) 
aOVK  lOPrtAMlO.!  AOOtaOWT  t0BTSAM|0.|  TOO) 

(rnQLOKn(PV«AMl0.i  0  910  0  ITOOOXTINDiOWYPKSAMID-I  O  llOBOOnO) 
lN9fBT|ilG(nvOMl(74K  PVtAUtO-i  7Q0  1700  100  1100  0) 

(7t«ON?OfVPv*AM|D.|  eoo  1700  leo  ITOOO) 

(rOLMQMldWAltO  IOPTtAMlO.1  e00100  0)(H)(»fK  lOMMMtO-t  1100) 

(MIOHK  lOfTtAMIO.!  1700) 

(NOTIGBOWreriT  i0PVtAM10.|  00  IIOO  I7000B10S7S  100  100  100)) 

(NOT  aOKm  IOPTIAMIO-I  tOO))(llDT  (LOWV  10  PnAMIO-l  100)) 
(NOr(rtKDlOWK7*«AMIO.|  OSfOO  1700  0)) 

(N0T(riNDl0VTPv«AU10.1  0  llOeOlTSO)) 

(NOTfOtCKTAliriT  lOPnAMlO-k  00  1100  1100  0  910  373  tOO  lOO  lOODOMOTO/ 
071/ 

nil.  B7I-I  xoir 

Ue)NC(7)tOM)O4V»7SAM|0.|  BOO  1100  300  llOOO)(M|OHV  lOBWWMIO-l  IIOO) 
aOCAT  OOX.I  9OOB0Oe)(HAS91)(  BOK- 1  900  900  I) 

|iaiBr|NG(NI9<r  (0  7V6AMt0.|  000)(NeT|M)GH7  lOBTBMAlO-l  19001)  QTOB/I/ 
019/ 

II) 1.  07M  -HltMifADT* 

Ui|N0(?eUIQH1(7WA)»0  lOBYtAMlO.)  000 100  0) 

|NS(tT|NG(f0LN0NlOWA19  10 PTSAMIO.I  900  100  0) 

(NOT  (TOlMOMlorAtlO  10  PVSAMlOu  I  000  100  0))  07S/ 

1111.079-1  XGNPAtr 

UBINONOLMeHIAWAIS  lOPtSAMIO.!  000 100  0)(H)0»0(  lOmAMlO-l  1900) 


I. 


VMBl 


OCf  A||C»  YMS  fm  MOK  TUT  I 


t 


\ 


(HtOMV  I0PT«MI|0.|  •OOX^mDNIOWPVlMIlD-l  TOO  1100100  IIOOO) 
(ritBHIUfrrVOAMID-l  000  1100  900  19000) 

TMCINO 

rolfo  OiOlQN  tooo  900  OTTO  <1100  0000) 


WA«lf|ll9<n  AliCAOViMOfO  TMCIMB  •• 
lNOCOriNOaOCAT(»|saT  9ytAMlD<l  000  900  1900  000  0) 

(N0T<r0UWN)(>»All  lOOTKAMIO-t  000  900e))(WOT(Nl<»<X  lOOTMMlO-l  19001) 
(MOT  IMlOfV  IOOVtAMIO-1  600))  (NOT  (T HANKOW  OVUMIO. I  900  1100  900  1900  00 
'  (N0r|ri«AN)(»«y  ATOAMIO-I  000  1900900  l900e))(raACIN8  T)  090/0r9/090/ 

9  110.  OTO- 1  n^OCATC  OANDOM* 

usiNQaocorcorsur  AYMuio-i  oootoo  1900  oooo) 

*  (UOmWLT  TAOie.l  AVIAMIO.!  too  lOOtANDOM) 

INSCOTHHQCTOUNDSAACt  TAflL(-l  PVtAMlO-l  1079  iM  0) 

(NoraocATcorsuir  ArtAMio-i  000900  1900  eooo)) 

(MOT  (NKUIULT  TA«.|.|  AVtAMIO.}  100  lOOKMAOM))  1O09WtlAV00V00A«l9/ 

f  Its.  wf9-i  *arrttor«A' 

UStNB(GfTltOOUT  0-9AVtAMI0*t  TA«.(.|) 

(P0iMD9ACC  TAai-l  AVIAMIO-I  1079  090  0) (HAM^CTtL  ft-9  9) (OAiaeOUTT  0) 
(ivtvrTfMC  0) 

TKACIMG 

..COAl  Q.9^  rvOAMlO-l  (1079  460  0) 


WAONHIG  (T)  AlOCAOV  IMDCO  TMCflff  •« 

IN0C0T1NQ(PUT  G-S  O^rflAMIO.I  1079  4M  0)(HAOl(VCt  Q4  9)(NA9SL»COOOAl  0-90-9) 
(NOT  (GCTIIGOUT  C-2AT1AU10-I  TA&(.|)) 

(MOT  (FOUNDSOACC  TAOlC.  1  AYlAMfO- 1  1079  461  0))  (NOT  (CNOlOCOOlOrT  ON 
(CMOiccoourr  ixccraiocMoioi  i  o*i  i  ta«.c*i  Ay«AMto>i  ion  460  0) 

(CMOIOITIMC  I  OXtftAClUa  T)  091/ 

I  lift.  031-1  'vin" 

UltMQ  (TUT  0.1  OTOAMIO- 1  1079  460  0)  OlAOlCVfL  0-1  9) 

TOACIHG 

*..eOAl  0-4  QiA90AV0AMia.| 


WA0NlNG(r)AL0fA0rUND(tTtACIN6  •• 

SM6C0T )MG  (OiAOO  Qui  rrtAMlO.  I)  (N( »T  0-4  (PUTUOVt  0-3  TVUMIO.  I  1079  460  0)) 
(HASIIVU  0-4  4)  (NOT  (TUT  0-9  »VtAMl0.1  1079  460  0))  nOAClUO  t)  0«3046/ 

1117,  049-1  *GRASA* 

USlM8(G«A9T0-4rv«AMl0.(ia0CArmAMl0-l  100  100  100) 

(HAOOIU  ATOAMIO-I  too  109  lOOXNUKVU  0-4  4) 

TIACINQ 

....  OOMt,  0.|  aCAtOTf  ATIAMrO- 1 


WAOMfMS  (D  AitTAOT  iMOft  rCACfMS  «• 

iNsnriNCiaiAtoTr  o-orriAMio-n  (loxt  g-6  (GIaiti  o-omAwio-i  iso  IW9008 

(HAHEVfL  0-9  9)  (NOT  (QOAST  0-4  TttAMlO- 1))  OtAClNQ  T)  W4An/V9/ 

1 1  If.  we- 1  'aCAO 

USING  (aCAfOTT  0-6  PYtAMlO-ll  (aCAITOT  TytAMlO-l) 
INSCiT|NG(SUCCU0G-9XN0T  (aCAtOTT  a-9^TtAM]0.m  WO/ 

1119.  WO- 1  ‘SUCCNEKT- 

UStNG(9UCCtC0  0-9XN(KT  G-KdAfOl  0-4  0TWU4IO.I  ISO  110  900)) 

(HASlCVCL  0-9  9) 

TRACING 

o-9  9ucaro9 


WAON|UO(n  AlKAOTUNOrt  TKACIMa  •• 

INSfOriNOCOtASOI  Q-4Ty«AM|0-l  ISO  lOO  TOOXNOT  (ACOirO O-S)) atACIW  T) 
040/ 

1190.040-1  'GOASTMOVI'' 

USING  KWASO I  C-4  TVOAMIO- 1  160  160  900) 

)MSC«r|IIO(MOV(HAND  160  160  900XGtAST9  0-4  TVlAMIO- 1) 

(NOT  (GOASOl  0-4  OttAKDO-i  ISO  ISO  900))  09/0919901/ 

I  191.  Ol-I  TnlOVE  HANO- 

USING  (WOVtNANO  160  190  lOOXISA  NAND-I  HAND) (lOCAT  IMNO- 1  p  100  400) 
(KVfNTTIMC  0) 


TSMINf 

(09WeviNO*MNOU0M(O  100  400170(110  160  IOS| 


WA4N|ia(r)Al«A0T|J«ft  TtACINB  «• 

nmriNGdOCATHAIA-l  190  l9O90O)(NOT(M0NtHAND  160  IfOfOOM 
(NOT  ftOCAT  HAIA-I  0  100  400))  (NOT  ffyiNTTIMI  e))(IMNTrfM|  |) 

(IMVINT  0  (MOyiNAND  0  100  400))  atACIMS  T)  TO  IfSlTSSrOOrovOOSOfSfOSTSM 
011090107  )07006e09S09406i067MB4V93LVUm»WtM9Vi; 

W94W39W 1 7W90Q4904  7U047/ 

1199.  047'l  ^OiiUPACT- 

U||NO(OiA»9  0-4rvtAM)D-l)(lMH4NO.tHMA)(mirrrilA  I) 

TOAONO 

(l)04AV)NQTVWIMI0.| 


WAM1N0  (T)  AiWApT  IMOU  T4AC)NS 
INKOTINQ  (UCCfCO  0-4)  (CKASTINC  HAND- 1  mAMIO- 1)  (NOT  (OSASPf  0-4  PVSAMIO.  I|) 
(NOT(rvtNrrr«it  iDAMvtNr  r(tNGtASPpiMMio-i))(inir7r7Mif)(raNCiMOT) 
WOT/WOS/WO/ 

*123.  W0.9  -ACC  *4X7' 

Ui|IA(AJCaC9C-4)(l«KTO-4(7UTI40NIO-SrrS*WllO'l  1099  460  OH 
fpisiroi  e-4  4) 

TIAClUG 

C-4  AiCCtCDt 


WAIN)N6(T)AllE<ttTl4ACt  TOAONO  •• 

INSttriNOCTUTMOyt  C-3TvtAMID-l  1079  460  0)  (NOT  (KICaC0A-4|)(rMCINS  T) 
039/ 

1194.  039-1  *7UTU0Nf 

USTNO(fUTMpyT  C  SmAMlD.!  1079  466  0)  (MfSlR  TV0M4ID>I  100  100  100) 
tNK«T|NC(MOVtHAND  1199  604  lOO) (1MC9AST TYOAMID-I) (WGttCD »4) 

OAT  (TOiyOVt  C-3  TTIAMIP.  I  1079  464  0))  09/ 

M96.  OM  IKTOeJCCT- 

USING  (WOTtHAND  n»  606  IOOXGftA»)NSHAND-l  mAM|0-l) 
fOCAT  TTIAUlO-l  100  lOO  100)  p4At9in  Py9AMlD.|  100  100  100) 

SOCATlUMD-l  ISO  )S0  9e0)(tVtNTT)NI9) 

TIACINC 

l9)i)n)N6mAM)D.i  riOMdoo  lOO  ioe)To<io?t460  0) 


WAINllcrnAlKApriMOCt  TKACIMO  a* 

iNSCtriNG  (l<  WVOCAT  TVtAMID- 1)  (KW10CAT9  4V9AM1D.  1) 

(lOCAT  TYVAMIM  I0T9  464  OXtiACIWG  TXIVINTTIMC  3) 

(UWItNl  9(MCVTmaN0  JSC  JSCTCODPAT  (UCVTMAWO  1199  600  100)) 

(NOT  aOCAT  TtlAulp.  I  100  100  100))  (NOT  aOCAT  HAND-1  160  160  9008 
(NOT  (tVTNTTHK  9))aOCAT  HAND-I  1199  SOi  lOO)  OS/ 

*  196.  06- 1  -IIUON- 

UIINGCICWIOCAT  7TtAMIO.|)aOCATTTlAMIO.|  1079  66B  0) 

(HAsm  mAwio-i  QNRoar-i  fos) 

iNSCtrtNGlKIAHAStCl  Tr«AM|p-|  ON  AOCI-t  40S) 

(l4SarM0HAS»Cl  artAMIO.!  on  AOCX-I  TOSXNOT  (NEVlOCATPtOAMIO-l)) 
(MOT  (MfVl  TfOAMIO- 1  ON  ROOK- 1  TOSII  093/ 

M97.  qn.i  “oFfaiA** 

us  INC  (MlCHASttl  4nAM|0.|  ONBIOCK-I  406) 

INSttTlNG  (RtAtTOT  ROCK- 1)  Q67Q97/067TW97PW601 1/ 

n».  Oii-i  -orrsTAC*' 

Uf  ns  rWlCHASItl  TTIAMIO-I  CNROCK-I  TOtXlNOTAOl  OVOAMIRI  STACK-S) 
(INOTACIROat-l  ITACN-f) 

TIACINC 

TA4INS  fTIAMlO- 1  rOOM  tTAQI-S 


W«Mni)U6|T)AlRAOTlMD(ITIACtHO  •• 

|NS(iriNC(««INSTACX4y|AMI0-l  tTACI  SXNOt  (INSTACl  4T0AMIM  tTAQ(.fT) 
(TWCINOn  019/ 

1196.0131  Mu  OTAOl* 

USING  (RIAINOTAOC  4TIAM10-1  6TACS1.3XlN6TAOtROPl-l  STACK-f) 
tiacino 


VI- 133 


I. 


niW|l6rWli>liiNi  Ihi 


-  »  4,11m 


1. 


KYAaCD  fMCi  f«l  ML«K  Tttr  I 


•Tll0K-9PI»t<W?iC0 


WMMtlQCn  Ai«EAOVlMCtTMCII0  •• 

IMKtTING  (MOT  (KMOIWSTAOI  tTHOt.inCNOT  (INITIWi  adOT*!  ffOCR4» 

(tIACiMOT)  Ql0/Vft4»0ft/ 

tiao.  Q7«-( 

USIMQ  (fOOTMOHAVCi  PtOmiM  «M  aOCK>|  dOS| 

INSflTlMO  (MOT  (Kfi«)HASm  CWaOCK-l 

lMOT(ioMMOMAMimAMio.iQMaoci-iPoaii  tatrjifaaoAtoiMitMv/ 

Itai.  Q7.|  *A0DNlW0lir 

UtlMO  (Ml WiOCAT?  7T«AMtO. n  O.OCAT  dVOAMlO.  I  lOTf  01  aOCAT  TOaC* I  0 001 

(ISA  TAiie-t  TAaCKMASSIfl  arOAMIO-l  100  100  1001 
(HASSIK  TAOLt.l  1200  1700  0) 

WAOM)M6(^V«AM10.|)MOTlMOCf  MIOIOCAT  a- 

IMOCOTIMQ  (NASOCt  AvOAMlO-t  ON  TAKt- 1  70S)  (MOT  OCMlOCAtl  fTOAMlO- 1|) 
(MOT(MlWVOCAT7V«AMl0.in  tlMIQOIOmOO/ 

IIS2.  OAO-I  *\JNCiOAS7~ 

USING  (tMGOASA  AVtAM)0.lHG»AS7IIOHAN0.|  mAMlO-l) 

(HASOCl  7T«AM10-I  ON  TAai*  1  7QS)  (lVIMtT|M|  3) 

TtACIMB 

(flLCTTIIlOOOOl  rr%M10.t 


WA*MlMG(nAlO(AOriNOCITOAC)M6  a« 

INSCRTING  (NOT  aN<;«A$»  OvOAUlO-in  (MOT  (GRASPIMSMAND-I  TtlAUlO-D) 

(MOT  (iVtMTTIUt  3))(T«AC1M6  T1  (LMCVCNT  S(CIAS73HAI«.(  PvtAMtO.|» 

(tVtMTTIMC  A)  W32W3lW«3«4«W33W34Wa4W36W«7WA3WS3W0A«rMW0rWI2V2mf«l>^IVa 
0A9047W2O0A71/W22OW00W02SW01WA3B03T/021/0IT/010/QSWAVX  If/ 

IIS3.  112-1  ‘roAccat* 

U8(M8  (HASOCI.  PTOAMtO- 1  ON  f  Aai- 1  POO) 

TOACIMO 

AODIMOrrOAMlO-l  ON  TAfLC-1  (70S1 


WA«N!MG(T)MiCAOr  iNCOt  TIAC1M6  •• 

fMU«T|NS<r«AC)M3  T)  /34lO34HU3OI0S>9ifa^ltt>SiOJ/yS3OrSfAvSfOV9(V3OV)fVt7 

70  iPoirolPOAf  ovoomoooaoaoosomt  lOToottooooMOi  ivos.  vsaovoi/ 

t  104.  woo- 1  *SUCCSU7Cr 

USIMQ  (sucaco  G-3)  (HAfaOCOOOM.  Q-3  0-2)  (TMSiCVCl  0-9  9) 

TOACIMO 

o-souocrm 


WAOM)llO(T)m.aAOTlNOCt  TIACIMG  a* 

IMSCOTIMO  (SUCCCtO  0-2)  (TIACIMO  T)  plOT  (MaOD  04)1  VO/ 

I  190  WO-9  *0000*0X1* 

uorNScsucacD  o-?)(icxt  o-f  (acAocF*  o-i  aoae-i))<MASiemo-9  2) 

T^tlO 

0-2  meacot 


WAMlMSiriAiMAOTUNOCtTtAOIMG  a* 

iMURriNO  (aiAto/r  a  i  aoci  ii  (wot  (succfio  o-fiiCTRACiMS  t)  roata/ 

wo/ 

1  190.  WO-2  'aiM 

USING  (aiAROPf  c.  I  aocK-  u  (at  artor  aoct-  n 

SNOrOTINO  (SUCCCtO  0-M  (NOT  (aCAAO**  0-1  aOCA-D)  VOO/WOTAVO/ 

M9T.  WO-4  *tUCCN(MT* 

USIMQ  (SUCCCtO  G  l)(Nt«T  0-1  plMD^Aa  aOO  iaOCI-l  100  100  1001) 
(HASimi  01  1) 

TOACIMB 
0-1  MCtCOO 


WARMiMOinAlRIAOTifmR  tracing  a. 

liarRriNO(rfNDSRAciaocR*9aocR-t  too  m  lOOKNormcaroo-fi) 

(TRACIMQT)  091/ 

TMCtNQ 


OOftICCUOS 


WMMtM8(T)Ai«l^iM0CtTRACIMB  a» 

INKRriRO(lUCCCCDOT)fTRACIMaT)OnT(«COCID04»  WOAO08ARST/ 

1 101.  o^r-t  -succ  TOP* 

UOINS  (UBCICO  OT)  0«A91CVU  OT  0) 

TOACIMB 

OTSJOCnM 


WAiMIMRtn  AtWAOT*— tiafrilT  a« 

INKIT|ll6(TRACIMeT)(NOT(SUCCCCOGT)IOIOT  (MAUCVIl  OT  OS  ORSVRPWtOKWIO 
WlOOI40W|AW9AMW2A»W24W29FW10WiM00WBWS4AW09A02rMlH0Wl9OWI0WI>WI»W|9»^^ 

WI0IWI«yS2/ 

MSB.  m-l  *O<CRPVT0M* 
iAiMafCf€0(fijiCMn.oat-i  (Mft.001.9) 

nao'iNS  (o<e»vTo*ff  kooc-  i  om  m.cet-v  wr  uMawioN  m.oc«- 1  on  ■L«a(.t» 
vur/vuA/ 

tin.  vu*.i  *MTOHar 

uims  (ocoouTow  Moot- 1  cm  ■.eo-n  (iw$m  etoci.i  on  iLecii-*  *wi 
i>«(trtMnmTe(aMrniii»T(o«ci>uieMtiLeai.icM«.eai-ni  ve/ 

I  iM.  «ft-i  xawiT  vfir- 

UtlNG  (KKIt  (0«*Y|l  (MIAir  0) 

iwiiii  me  nmv  1  lacATi)  i|  (mt  malm  tocArm  (wt  (wmr  CN 

wnveMti»i«BMnmi«tMMin>wi¥  m  1  w  imm/ 

lltl.BM-1  'WaNDUMMA' 

wna  OMeuto  m  - 1)  (ombja  en-i  eai-i)  (vm  cn-t  Rooi-a 

iNH>TMepi»T(cuNft»an-f  MJ-m  oiwiMtwit 

t 

■RTIIicmvii 


I. 


tn-IM 


